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I 
i· 
ABSTRACT 
The amount of concrete infrastructure needing repair and rehabilitation is increasing worldwide. 
The bonded overlay technique, which involves removal- of a damaged concrete layer on an 
existing concrete base (substrate) and replacing it with a new layer is one of the most widely 
used techniques. Due to thermal and hygral differences in the two composites, differential 
shrinkage occurs. This leads to overlay shrinkage restraint by the relatively mature substrate. 
Restrained shrinkage in bonded overlays can cause stress build up and may result in cracking. 
Cracking due to restrained deformation is a major problem as it may lead to durability concerns. 
Overlay resistance to crack initiation, development and propagation dep~ds on a number of 
time-dependent properties of the concrete. To be able to predict the onset of cracking requires 
knowledge of the different material properties and how they interact with each other. 
In this study, an investigation was carried out on whether the performance with respect to 
cracking of concrete overlays can be adequately predicted from tests such as ring test, free 
shrinkage strain, tensile strength test, tensile relaxation and elastic modulus. Five concrete mortar 
types i.e. three commercially available mortars and two laboratory mixed mortars with water-to-
cement ratio (w/c) = 0.45 and w/c = 0.6 were used in the ring test and material property tests. 
The influence of curing on the crack resistance of overlays was also investigated. 
An analytical madel for predicting age at cracking in bonded overlays based upon time 
. development of overlay material properties and the superposition principle was developed. 
Results from the model were compared with results from the ring test. Results indicate that crack 
resistance of repair mortars depends upon the combined influence of the different material 
properties. In particular tensile stress relaxation appears to have a large influence. Curing was 
observed to delay the onset of cracking. Results also indicate that although the ring test will give 
the correct order of cracking, it will not give the actual age at cracking when assessing materials 
for crack resistance. 
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CHAPTER ONE: INTRODUCTION 
1.1 Background and Problem statement 
. The amount of concrete infrastructure needing repair and rehabilitation is increasing worldwide. 
For example, the American Society of Civil engineers (ASCE) report card for 2009 states that in 
the USA alone, the annual cost of concrete repair (including protection and strengthening) is 
estimated at $ 18 billion to $21 billion. The bonded overlay technique, which involves removal 
of a damaged concrete layer on an existing concrete member and replacing it with a new layer, is 
particularly suitable for both large area and small area structures and is one of the most widely 
used techniques. It is used for both structural and non-structural repairs in concrete members or 
elements such as slabs on grade, pavements, toppings and linings, etc. Not only is it used on 
existing structures but also on precast elements which receive an in-situ topping (Banthia et al., 
1996; Granju et al., 2004; Beushausen & Alexander, 2006). 
The performance of overlays is weakened by such effects as early age surface cracking, spalling 
or interface debonding. Early age surface cracking due to restrained deformation is a major 
problem arising in bonded overlays. Loss of moisture can lead to plastic shrinkage in newly cast 
concrete or drying shrinkage in aging concrete, while a temperature gradient will cause thermal 
shrinkage. Free shrinkage will cause lateral strains which, if concrete is restrained, may result in 
tensile stresses. In bonded overlays, the differential shrinkage between concrete substrate and 
repair material generates tensile stresses. These stresses may lead to cracking of concrete if the 
tensile strength of the concrete is exceeded, thus compromising both the durability and 
serviceability requirements (Banthia & Gupta, 2009; Kheder, 1997). 
Overlay resistance to crack initiation, development and propagation depends on a number of 
time-dependent properties of the concrete. In addition to free shrinkage and tensile strength, 
several other factors can also influence the potential for cracking including tensile relaxation and 
elastic modulus, as well as degree of restraint and environmental conditions such as relative 
humidity. The advent of cracking will depend upon the interaction of these material properties. 
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Chapter 1: Introduction 
Tensile relaxation has been recognized as one of the main stress relief mechanisms (Beushausen, 
2005; Masuku, 2009). Researchers have reported that relaxation can relieve up to 60% of overlay 
tensile stress (Carlsward, 2006). This decrease in overlay stress is beneficial because it delays the 
onset of cracking. Creep, like relaxation, can lead to a decrease in overlay tensile stress (Altoubat 
& Lange, 2001; Tarek et ai., 2008). Elastic modulus also affects the development of tensile stress 
in the overlay. A lower elastic modulus implies a less stiff concrete, therefore the resulting 
tensile stresses from restrained shrinkage are less excessive. Environmental factors viz. 
temperature and relative humidity affect tensile stress development through their effect on 
overlay shrinkage and relaxation. 
The above discussion shows that overlay performance (Le. overlay crack resistance) depends 
upon a number of different factors. To be able to predict the onset of cracking requires not just 
knowledge of the different material properties, but also how they interact with each other. To this 
end, substantial research has focused on the development of test methods to assess stress 
development and the corresponding potential for cracking (see Kovler, 1994; Pigeon et ai., 2000; 
Altoubat & Lange, 2001; Radlinska et ai., 2007). While these test methods describe outstanding 
approaches for performing carefully controlled experiments, these tests can be expensive to 
perform due to the cost of the testing apparatus. Therefore, simple economical test methods for 
early age shrinkage cracking are preferred. A good example of such tests is the ring test. The rin~ 
test has been used by researchers to evaluate the relative shrinkage cracking tendency of different 
concrete mixes (Carlson & Reading, 1988; Grzybowski & Shah, 1990). The evaluation in such 
tests is based on characterization of the cracks and their quantification in terms of maximum 
width, average width, number of cracks, etc. 
Due to its simplicity and low cost, the ring test has been used for many years (Bentur & Kovler, 
2003). Among the advantages of the ring test is the uniform state of stress that exists as a result 
of elimination of the edges associated with the longitudinal and panel tests. However, 
evaluations using the ring test are of qualitative nature. While such evaluations are useful for the 
comparison of the sensitivity to cracking of different concrete mixes, they are not sufficient for a 
study of the mechanisms involved. Besides, effort has not been made to study how the ring test 
2 
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Chapter 1: Introduction 
can be used to predict service life performance, and how the different material properties can be 
integrated to model overlay performance. 
This research seeks to model and predict age at cracking of overlays based on experimentally 
established material properties and the ring test. The main question that the research seeks to 
answer is whether overlay performance, with the focus in this dissertation on specifically age at 
cracking, can be adequately predicted from tests such as ring test, shrinkage strain, tensile 
strength test, elastic modulus test and tensile relaxation. 
1.2 Significance of research 
The investigation covered in this study serves as an important contribution towards efforts aimed 
at controlling early age shrinkage cracking of concrete repair mortars. It complements various 
efforts by researchers in developing new testing methods and materials to tackle early age 
shrinkage cracking of concrete repair mortars. 
1.3 Aim of research 
The thesis aims at investigating whether the performance with respect to cracking of concrete 
repair mortars/overlays can be adequately predicted from the ring test, free shrinkage strain, 
tensile strength test, elastic modulus and tensile relaxation, and if so, which of these tests or 
combination of tests would suffice for prediction of overlay performance. 
1.4 Research hypothesis 
This research proposes that the age at cracking of a concrete repair mortar depends upon the time 
development of the restrained shrinkage-tensile stress and material properties such as tensile 
3 
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Chapter 1: Introduction 
strength, tensile relaxation and elastic modulus, and that this can be modeled experimentally to 
predict the age at cracking of the mortar. 
1.S Objectives of research 
In order to achieve the aims of the study, the following objectives have been set: 
i. To identify key material properties of concrete repair mortars/overlays, and how these 
properties influence cracking behaviour. 
11. To investigate the influence of curing period on the cracking behaviour of concrete repair 
mortars. 
iii. To determine the age at cracking and quantify the cracking behaviour of concrete repair 
mortars/overlays with the ring test. 
iv. To model and predict age at cracking in bonded overlays, and to check how the model 
results compare with ring test results. 
1.6 Scope 
The research will focus on 5 concrete repair mortars viz. three commercial mortars and two 
laboratory made mixes (w/c = 0.60 and w/c = 0.45). These materials were chosen because they 
are representative of the repair materials used in the Western Cape Province. Though not 
comprehensive, this generally covers the range of mortars that may be used in overlay repairs. 
1.7 Outline of thesis 
The thesis document comprises six chapters namely; Chapter One, which presents an overall 
introduction to the study; in Chapter Two, a detailed survey of the relevant literature is 
presented; Chapter Three, discusses the materials and various testing methods employed; 
Chapter Four, discusses the results of the experimental techniques; Chapter Five, discusses the 
analytical modeling and in Chapter Six, summary and conclusions are given on the study. 
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CHAPTER TWO: LITERATURE REVIEW 
2.1 Introduction 
In Chapter One it was briefly noted that crack resistance of concrete repair mortars depends upon 
the interaction of many different material properties. In this chapter, a detailed literature review 
is conducted on the different factors affecting performance of concrete repair mortarslbonded 
overlays. The problems such as cracking, debonding, etc. that are associated with performance of 
bonded overlays are discussed. A discussion of the many methods of testing restrained-shrinkage 
cracking in concrete is provided. The chapter closes by listing measures that can be taken to 
minimize restrained shrinkage cracking in bonded overlays. 
2.2 Performance of concrete repair mortars 
Concrete repair mortars/ overlays have a wide range of applications. They are used for both 
structural and non-structural repairs in concrete members or elements such as slabs on grade, 
pavements, tunnel linings etc. (Banthia et al., 1996). The use of repair mortars/overlays affords 
the following advantages: 
• Restoring structural integrity i.e. strength, abrasion resistance, etc. of the repaired 
member. 
• Restoring or improving appearance of the existing structure or member. 
• Improving the serviceability of the member or structure. 
• Restoring performance level of member or structure, hence improving its durability .. 
Despite the above advantages, the long term performance of overlay repairs is usually affected 
by such effects as early age surface cracking, spalling, edge lifting or interface debonding as 
shown in Figure 2.1. If deoonding and cracking are severe, premature failure occurs. While 
debonding can be successfully tackled by proper surface preparation techniques such as water-
jetting, sand-blasting, shotblasting and the use of bonding agents, surface cracking, especially 
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early age cracking. has proven a mOre diffi~u1t pmblcm to controL Cracking is undesirable 
because it compromises the durability of the stru~tuTe or member by allowing deleterious 
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of cracking is restrained shrinkage (Masuku. 2(09). Hgure 2.2 below shows some examples of 
shrinkage cracking and spal lil1!,-
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Restrained shrinkage arising due to moisture loss may lead to early age (within 72 hrs after 
casting) cracking. Loss of moisture can lead to plastic shrinkage in newly cast concrete or drying 
shrinkage in aging concrete, while a reduction in overall concrete temperature will cause thermal 
shrinkage (see Section 2.3.5). Free shrinkage will cause lateral strains which, if concrete is 
restrained, may result in tensile stresses. In bonded overlays, the differential shrinkage between 
concrete substrate and repair material generates tensile stresses. These stresses may lead to 
cracking of concrete if the tensile strength of the concrete is exceeded, thus compromising both 
the durability and serviceability requirements (Banthia & Gupta, 2009; Kheder, 1997). 
The performance of overlays with respect to cracking is governed by the interaction of the 
residual stresses arising from restrained shrinkage with the different material properties e.g. 
tensile strength, elastic modulus, tensile relaxation, etc. Crack initiation and development will 
depend upon the time development of the concrete material properties and how these affect the 
residual stresses. As shown in Figure 2.3, if the tensile strength of the material is greater than the 
tensile stresses, the material will not crack. However, if the arising tensile stresses from 
restrained shrinkage are greater than tensile strength, the material may crack. Whether the 
material cracks or not, also depends upon the degree or amount of relaxation due to creep that the 
concrete undergoes. As can be seen from the graph, relaxation helps alleviate some of the tensile 
stresses. Tensile relaxation delays crack initiation through stress relief. Also important is the time 
development of elastic modulus. A very stiff mix results in very high tensile stresses that may 
lead to cracking. 
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Figure 2.3 Influence of shrinkage and creep on concrete cracking adopted from Troxell et al. (1968). 
As discussed above, the interaction of restrained shrinkage and the different material properties 
determines whether the material will crack. It is therefore, important to understand shrinkage and 
the different factors that affect it. 
2.3 Shrinkage 
Shrinkage is the time-dependent decrease in volume in both fresh and hardened concrete. A 
decrease in volume can be as a result of moisture movement within and out of the concrete due 
to hydration processes and surrounding environment, respectively (Alexander & Beushausen, 
2009). Typically, the major contribution of total shrinkage is a result of drying shrinkage due to 
moisture diffusion and autogenous shrinkage due to the hydration process between water and 
cement. 
Shrinkage is affected by both intrinsic and extrinsic factors. Intrinsic factors include structure 
and volume of the cement paste, aggregate type and content, cement type etc. while extrinsic 
factors include temperature, relative humidity, member geometry etc. At high relative humidity 
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the rate of shrinkage drops as the degree of moisture loss decreases, while the converse is true for 
concrete exposed to low relative humidity. If concrete is allowed to shrink freely a curve similar 
to that shown in Figure 2.4, is observed. However if concrete is stored in water after being 
allowed to shrink, the curve would drop as shown. Shrinkage therefore consists of reversible and 
irreversible components, and Figure 2.4 shows its basic characteristics. 
1000 
~ Drying .~ Rewetting • 
'9 800 0 
-x 
= .~ 600 
~ ) 400 
200 
0 
0 10 20 30 40 50 60 70 80 
Time, days 
Figure 2.4 Basic characteristics of shrinkage as presented in Mehta & Monteiro (2006a). 
Shrinkage can be classified into four broad categories, namely: plastic shrinkage, autogenous 
shrinkage, carbonation shrinkage, and drying shrinkage. 
2.3.1 Plastic shrinkage 
Plastic shrinkage is the volume reduction of concrete due to rapid removal of water from the 
concrete surface during early ages. It occurs within the first few hours after casting or placement. 
Plastic shrinkage occurs when the rate of moisture loss to the surrounding exceeds the rate of 
bleeding of the concrete. If excessive surface moisture loss occurs, a drop in the capillary 
pressure may lead to development of compressive strains. If concrete is restrained, these 
compressive strains may result in tensile stresses far in excess of those needed to cause cracking 
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in young concrete with poorly developed strength (Banthia & Gupta, 2009). Fresh concrete is 
susceptible to plastic shrinkage cracking especially during hot, windy, and dry weather 
conditions, in addition to high concrete temperature (Grzybowski & Shah, 1990). Concrete 
elements with high surface area to volume ratio e.g. thin bonded overlays, patch repairs, etc. are 
typically susceptible to early age cracks. These cracks are roughly straight but discontinuous and 
closely spaced depending on dimensions of the specimen. In overlays with large surface area, 
crack patterns due to plastic shrinkage are random. 
Ravina & Shalon (1968) showed that rapid evaporation has a predominant effect on plastic 
shrinkage of concrete. Surface evaporation results in a hygral gradient in the concrete, which 
may lead to cracking at the surface. Therefore, complete elimination or reduction of evaporation 
immediately on casting reduces plastic shrinkage. When there is a high speed wind, concrete 
casting should be avoided, or wind breaks or fogging should be used to prevent water loss. 
Proper curing has been recognized as key in controlling plastic shrinkage cracking (see Lerch, 
1957; Uno, 1998; NRMCA, 1998; ACI Committee 224, 2007). 
2.3.2 Autogenous shrinkage 
Autogenous shrinkage or basic shrinkage is the reduction in volume due to internal water 
consumption by hydration reactions. The autogenous shrinkage develops very early 
(immediately after setting) due to internal consumption of water in hydration reactions, and then 
the rate drops rapidly (Alexander & Beushausen, 2009). During the hydration process, hydration 
products have volumes less than their reactants resulting in volume reduction. Autogenous 
shrinkage is considered basic component of shrinkage as volume reduction occurs without loss 
of water from the surface of concrete. It is relatively low in normal concretes with w/c ratios 
above 0.4 compared to concretes having w/c lower than 0.4. In High Performance concrete 
(HPC) and Ultra High Performance concrete (UHPC), autogenous shrinkage is of the same order 
as drying shrinkage because of the higher rates of hydration in both HPC and UHPC concretes. 
Carlsward (2006) argued that even though autogenous shrinkage may be lower in normal 
concrete, its presence could be substantial. Chen et al. (201 0) used a novel experimental 
technique viz. Cure Reference Method (CRM) to study surface shrinkage characteristics in 
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cementatious materials, in particular, to explore the relative contribution of autogenous shrinkage 
to overall shrinkage in cementitious materials. They investigated the effect of w/c ratio on 
overall shrinkage in sealed specimens, and found that the surface shrinkage of specimens with 
w/c of 0.4 was greater than that of specimens with w/c of 0.6. They attributed this phenomenon 
to the difference in hydration rate of cementitious specimens with different w/c, where lower w/c 
specimens hydrate and experience shrinkage at a faster rate. 
To prevent autogenous shrinkage, low water-cement ratios are not preferred. When it is 
necessary to use a low water-cement ratio, other methods should be used to compesate for the 
lack of water due to the low water-cement ratio in the mix design. Traditional curing methods are 
ineffective in reducing autogenous shrinkage because of its internal and chemically initiated 
nature. Zhutovsky et aZ. (2004) used pre-soaked lightweight aggregates in their concrete mix in 
order to reduce autogenous shrinkage. Such aggregate acts as an internal water reservoir 
preventing reduction of relative humidity in the concrete. They concluded that through control of 
size and porosity of lightweight aggregates, autogenous shrinkage was reduced. 
2.3.3 Carbonation shrinkage 
Carbonation shrinkage is the reduction in volume resulting from the reaction of the constituents 
of the hardened cement paste with atmospheric carbon dioxide (Alexander & Beushausen, 2009). 
The chemical reaction of carbonation leads to a reorganization of the microstructure, a decrease 
in porosity, and also a decrease in total volume involving a differential shrinkage between the 
surface and the bulk of the concrete. Carbonation shrinkage occurs over a long period, and may 
in some cases exceed the drying shrinkage in magnitude. 
According to Verbeck (1958), humidity during exposure to carbon dioxide is the major factor 
influencing the shrinkage directly produced by carbonation. Figure 2.5 shows that carbonation 
shrinkage is a function of relative humidity and is greatest at intermediate humidities. 
Carbonation is reduced at either higher or lower humidities, in the former case since carbon 
dioxide cannot penetrate the water-filled pore spaces easily, and in the latter case due to the 
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absence of water fumes (water is needed in the chemical reaction). As can be seen from the 
figure, carbonation shrinkage is greatest when carbonation occurs subsequent to drying. 
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Figure 2.5: The effect of relative humidity on carbonation and drying shrinkage as reported by Verbeck 
(1958). 
2.3.4 Drying shrinkage 
Drying shrinkage is the time-dependent reduction in volume of concrete caused by loss of 
moisture from concrete to the environment. Evaporation of free water from capillary pores 
results in a decrease in the volume of concrete. The rate at which moisture is lost is fairly slow 
and the strain response is time dependent. In normal strength concrete (w/c > 0.4) which 
experiences little autogenous shrinkage, the total measured shrinkage is usually taken to be the 
drying shrinkage (Alexander & Beushausen, 2009). 
The principal source of drying shrinkage in concrete is the cement paste. According to Asad et 
al. (1997), drying shrinkage of cementitious materials is caused principally by contraction of 
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calcium silicate hydrate (C-S-H) gel in hardened cement paste. It is within the cement paste that 
water is lost and volume changes occur. The three mechanisms by which the loss of water 
causes volume changes are capillary stress, disjoining pressure and surface tension. Capillary 
stress occurs at relative humidities between 45 and 95% when a meniscus forms on the adsorbed 
water between cement surfaces. The meniscus is under hydrostatic tension and places the cement 
in hydrostatic compression. This compressive stress reduces the size of the capillary pores, and 
thus causes a reduction in the overall volume of the cement paste. Capillary stress is a function of 
the capillary pore size, surface tension of the water, and the relative humidity. Disjoining 
pressure is the pressure caused by adsorbed water confined within the small spaces of the 
capillary pores. In this narrow space, the water exerts pressure on the adjacent cement surfaces. 
When the adsorbed water is lost, the disjoining pressure is reduced and the cement particles are 
drawn closer together, which results in shrinkage. Changes in surface tension are the causes of 
shrinkage at relative humidies below 45%. The last molecular layers of water surrounding 
cement particles are the most strongly adsorbed. This water has a high surface tension and exerts 
a compressive force on the cement gel, causing a net reduction in volume (Mindess et al., 2003). 
Many factors can directly affect the drying shrinkage of concrete e.g. paste volume, water-
cement ratio, aggregate volume etc. Since the principle source of shrinkage is the cement paste, 
drying shrinkage will be greatly reduced if the paste volume is reduced. 
2.3.5 Thermal shrinkage 
In massive structures and under extreme climatic condition, the combination of heat produced by 
cement hydration and relatively poor heat dissipation conditions results in large rise in concrete 
temperature within a few days after placement (Mehta & Monteiro, 2006a). In fact, work by Ballim 
and colleagues (Ballim & Graham, 2003; Ballim, 2004; Bal1im & Graham, 2004; Ballim & 
Graham, 2009; Beushausen et al., 2012) has shown that this temperature rise is considerable 
within a few hours after placement. The restrained thermal shrinkage that occurs during the 
cooling phase can introduce cracking. For the more normal applications of concrete, the factors 
affecting its thermal movement are moisture content, type of aggregate, and volume 
concentration of aggregate (Alexander & Beushausen, 2009). Efforts to control temperature rise 
in massive structures is made through proper selection of materials, mix proportions, curing 
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conditions and construction practices. The use of slag can significantly reduce the heat of 
hydration, thereby reducing the possibility of thermal cracking (Mizobuchi et at., 2000). 
2.4 Creep and tensile relaxation 
While cracking of bonded overlays is as a result of restrained shrinkage, creep effects have been 
shown to reduce the resulting tensile stress through relaxation. Creep and relaxation are both 
manifestations of the viscoelasticity of concrete and as such, researchers have tended to use one 
or the other. Most studies on tensile relaxation have generally used creep properties for 
determination of relaxation in composite systems (see Gutsch & Rostasy, 1995; Gutsch, 2002; 
Yuan et at., 2003; Carlsward, 2006; Ghali et at., 2006). This may be due to lack of sufficient data 
accumulated on tensile stress relaxation (Morimoto & Koyanagi, 1995; Alexander & 
Beushausen, 2009). Tensile relaxation is defmed as the time dependent decrease in the stress of 
the body under a sustained strain (Alexander & Beushausen, 2009), Figure 2.6. Creep, on the 
other hand, is the time dependent increase in the strain of the body under a sustained stress. 
a(to) 
a(t,to) 
Time. t to 
Figure 2.6: Stress relaxation in concrete exposed to sustained strain. 
Relaxed stress 
Stress remaining 
at t = t 
Time. t 
As stated above, creep and relaxation are both a result of the visco-elastic behaviour of concrete 
and their source is in the cement paste. Various authors attribute creep and relaxation to different 
processes. Powers (1968) explains that when concrete is subjected to sustained loading, load 
bearing water within cement paste moves through diffusion mechanisms. On the other hand 
Feldman & Sereda (1968) proposed that creep is caused by movement of interlayer water 
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between gel layers. Furthermore, movement of water causes gel layers to slide over each other 
causing micro-structural changes. With cement paste consisting of numerous such layers sliding 
over each other, global deformation is imminent. Pigeon & Bissonnette (1999) use the viscous 
shear theory to explain mechanisms occurring in concrete under tensile loading. From their study 
they concluded that the dominant mechanism in relaxation was viscous shear and also the 
presence of microcracking. 
Creep in concrete occurs at all stress levels, and it imparts a degree of ductility to the concrete 
which is desirable for stress relief. The study by Altoubat and Lange (2001) found that tensile 
creep relaxes the shrinkage stress by as much as 50% and doubles the failure strain capacity. 
Tensile relaxation values as high as 60% have been reported.by researchers (Yokoyama, et al., 
1994; Gutsch & Rostasy, 1995; Beushausen & Alexander, 2006; Masuku, 2009). According to 
Pigeon & Bissonnette (1999), tensile creep is the main mechanism of stress relief in very thin 
bonded concrete overlays. It is generally acknowledged that a high level of relaxation will help 
reduce the tensile stress resulting from restrained shrinkage. Loser & Leemann (2009) note that 
efforts to reduce risk of cracking in concrete overlays have to be based on a control of the 
relation between stress development and relaxation. 
Masuku (2009) studied the effect of mix design (w/c) and age at loading on tensile stress 
relaxation in bonded overlays. In this study, dog bone specimens of three mortar types with w/c 
= 0.6, w/c = 0.45 and a commercial mortar were investigated. To investigate the influence of age 
at loading, the specimens were tested either at 2 days or 7 days. A higher stress-strength ratio of 
80% was used so as to simulate tensile relaxation under extreme conditions. Results indicated 
that tensile relaxation is w/c sensitive: 0.6 w/c specimens generally showed 10010 higher 
relaxation after 72 hours compared to their 0.45 w/c counterparts. He attributed this to the pore 
structure which may determine the strength and stiffness of the mix. Generally in low w/c mixes, 
strength and elastic modulus are higher than in higher w/c mixes. Therefore there is a tendency 
to resist mechanisms which promote relaxation. It was also found that irrespective of w/c, 
concrete age had a higher influence on tensile relaxation. Specimens tested at 2 days had 15% 
more relaxation than those tested at 7 days. Relaxation was found to reduce with increasing age. 
This was attributed to the dependence of relaxation on the degree of hydration (Neville, 1996). 
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The degree of hydration is initially rapid but reduces gradually with time. Results in this study 
also indicated that stress relaxation progressed more rapidly in specimens tested at 2 days 
compared to those tested at 7 days. Generally tensile relaxation was found to be in the order of 
20% to 45% in the mixes tested. 
2.5 Factors affecting restrained shrinkage cracking 
2.5.1 Paste content and water-cement ratio 
The hydrated cement paste plays an important role in the shrinkage cracking of concrete. This is 
due to the fact that the source of both shrinkage and relaxation due to creep effects is in the 
cement paste. It is within the cement paste that water is lost and volume changes occur. The most 
important factor influencing drying shrinkage is the amount and composition of cement paste. 
The paste is affected by the w/c ratio and the cement content. For concrete with w/c ratios 
between 0.35 and 0.5 it was shown that the extent of shrinkage is directly proportional to the 
amount of cement paste (Carlsward, 2006). For a given cement content, with increasing water-
cement ratio, both the drying shrinkage and creep are known to increase. The data in Figure 2.7 
show that, for a given water-cement ratio, both the drying shrinkage and the creep increased with 
increasing cement content. This is expected due to an increase in the volume of the cement paste 
( Mehta & Monteiro, 2006a). 
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Figure 2.7: The effect of water-cement ratio on shrinkage or creep as presented in Mehta & Monteiro 
(2006a). 
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Loser & Leemann (2009) studied the effects of volume of paste and water content on the 
shrinkage of self-compacting concrete (SCC) compared to conventionally vibrated concrete 
(CVC) and concluded that, shrinkage is mainly dependent on the volume of paste. Since SCC 
has generally a higher volume of paste compared to CVC, its shrinkage is higher than that of 
CVC. They found that the difference in shrinkage between the two concretes at the same age 
ranged between 10% and 40%. 
The w/c ratio affects the strength, elastic modulus and permeability of the cement paste, and 
therefore indirectly affects the creep of the paste. Ruetz (1965) showed that a decrease in w/c 
ratio caused a decrease in creep. This is because stronger pastes (pastes with low w/c) are also 
stiffer, hence they creep less. A decrease in water-cement ratio also implies an increase in the 
tensile strength of the material. High tensile strength is beneficial because of its desirable effect 
on the material's cracking potential. 
In practice, the cement content and the water-cement ratio are limited to reduce the risk of 
shrinkage cracking. Literature indicates that a minimum cement content should be used to reduce 
cracking (Brown et al., 2003). The investigations by Xi et al. (2003) on early age cracking of 
newly constructed concrete bridge decks in Colorado, USA, showed that a concrete mix with a 
cement content of about 279 kg/m3 and water-cement ratio of about 0.4 could provide an 
optimum mix for Colorado conditions. The importance of paste volume on shrinkage implies 
that, shrinkage can be mitigated by reducing the water content or cement content, and increasing 
the content of aggregates. 
2.5.2 Fineness and composition of cement 
Physical characteristics of cement such as particle size also play an important role in shrinkage 
cracking. Drying shrinkage is affected by the fmeness of the cement. Finer cement particles 
generate greater heat of hydration and require a greater amount of water during the hydration 
process, which may lead to the increased risk of cracking in the concrete. Larger cement particles 
that do not undergo full hydration can provide a restraining effect similar to that of aggregates. 
According to Tritsch et al. (2005), replacing a fine-ground cement (Type I Portland cement) with 
a coarse-ground cement (Type II Portland cement) lowers the free shrinkage and shrinkage rate, 
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and adding a shrinkage-reducing admixture significantly reduces these values. However, Mehta 
& Monteiro (2006a) point out that, nonnal changes in cement fineness or composition which 
tend to influence the drying shrinkage behaviour of small specimens of cement paste or mortar, 
have negligible effect on concrete. 
2.5.3 Aggregate type and content 
The type and content of aggregate has an effect on the restrained shrinkage cracking of concrete. 
According to Alexander (2001) aggregates have two effects on paste shrinkage viz. dilution and 
restraint. Dilution refers to the fact that shrinkage of the concrete will decrease with increasing 
aggregate concentration, while restraint refers to the fact that concrete shrinkage will decrease 
with increase in aggregate stiffness. Aggregates provide restraint because they do not undergo 
volume changes due to changing moisture conditions. The amount, size, grading, texture and 
stiffness of an aggregate determine how much restraint it provides (Mindess et al., 2003). Well-
graded aggregates with a large maximum size have a low void space and, consequently, require a 
relatively small amount of paste. Larger maximum sizes of aggregates are effective in reducing 
shrinkage. Emmons & Vaysburd (1995) report that concrete of the same cement content and 
slump containing 10 mm maximum size aggregate usually develop from 10% to 20% greater 
drying shrinkage than concrete containing 19 mm maximum size aggregate, and from 20% to 
35% greater drying shrinkage than concrete containing 38 mm maximum size aggregate. 
Troxell et al. (1958) state that the most important aggregate characteristic influencing shrinkage 
cracking is the aggregate stiffness. In their study, they found that both the drying shrinkage and 
creep of concrete increased 2.5 times when a high elastic modulus aggregate was sustituted with 
a low elastic modulus aggregate. Granite, limestone, and quartzite do not shrink (Neville, 1996). 
Lightweight aggregates with low moduli of elasticity exhibit higher shrinkage (Mindess et al., 
2003). For nonnal concretes, aggregates do not exhibit creep at the stress levels to which they are 
subjected. According to Alexander ( 2001), aggregates reduce the creep of concrete by diluting 
the paste and restraining its movement. Concrete creep is therefore affected by aggegate volume 
concentration and aggregate stiffness. The higher the elastic modulus of the aggregate, the 
greater will be the restraint offered by the aggregate to the creep of the paste. 
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Banthia & Gupta (2009) invcstigatcd tllC effect of sand-eement (sic) ratio and aggregalC-cement 
ralio (a/c) on shrinkage of concrete. They noted that while sic ratio appears to affect the 
evap[)flltion rate, lime 10 first erack and erack width of th~ concrete, a definik trc'tld of ils 
influence could not \)., establishc'<l. Th~y however noted that an increase in tlw alc ratio on th~ 
olher hand was highly efTt'Ctive in reducing shrinkag~ cracking. This was in agr~~ment with the 
earlier finding by Pich'll (1956), who found that the shrinkage of concrde was r~duc~d by 20";' 
for mixes with the same water-cenl<c'tlt ralio in which the aggregak conk-nt was increased from 
71% to 74%. Figure 1.~ Sil<lWS lh~ infll1~'tl"" or aggregal~ ~nnklll on the shrinkage and creep of 
concrete. 
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Figure 2.8: Influence of aggregale COlllcnt on rhe shrinkage .nd cr""p of concrete as rei'Orted by Mehta & 
Monreiro (2006a). 
2.5.4 Cement extenders 
Many researchers have nokd that the use of eemcnt cxtcnders has a significant influence 00 
creep and shrinkag~ of concret~. Many authors (Mindess el al., 2003; Krauss & Rogalla,I996; 
Nevill~. 1996) have indicated that concrete shrinkage is little influenc~d by coodens..d silica 
fume (CSF) COIl1~nts. at !cast up to 10"10 by mass of c~ment. CSF has the ~fTecl of dmsiJ"ying Ihtl 
microstructure of concrete, thus redllCing Ihe rate of moisture loss from cor.::rde, Shrinkage thus 
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takes place at a slower rale in CSF concn.:l<;s. although lh~ final shrinkage will be similar 10 OI.hcr 
comparable concretes. 
Pane & Hansen (2002) studied the eff~ of fly ash (FA), ground granulated blas(fumace slag 
(GOBS) and CSF on early age tensile creep of concrete. Fib'llrC 2.9 shows the result of their 
study. In their study, creep was represented as a compliance fltaction i.e. the sum of the 
instantaneous and creep strains at time 1 produced by a sus(aitled unit stress applied at f. The 
graphs show that creep compliance of concrete is reduced by the presence of additives except 
for the CSf COocfcte. This seCJllS to agree with findings from South Africa. <lxcept for CSF 
which has been indicated (0 reduae creep also (Grieve, 1991; Alexander, 1994). However. in a 
study by Tarek & Sanjayan (2008) on early age cracking of slag concrdes, it wa.~ found Hlat no 
significant change in tensile creep OCCUlTed with slag replacemmn levels (If O. 35, 50% and 65%. 
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Fj~lIu 2.9, Typical tensile creep compliance. of concrete containing bkndt:d Cemt:!llS at age - 3 days, a, 
pres<.:nted in Pane & Han • .., (2()()2). 
In the study by Tarck & Sa'liayao (2()()~) mentioned above, it was found thai, at lower slag levels 
(0. 35 and 50%) the knsiie strength decreased with increasing slag rqllacement. However, this is 
more than compesated by d",;reas:ng elastic mod ulllS of the slag concrete comparcd to the 
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ordinary concr~te. This has significance in reducing !he 8!n;S8 ,k\id opm~lll in sla~ concretes, ,Ind 
thereby reducing the cracking potential. 
2.5.5 Shrinkage Reducing Admi~turc' 
Many restmrchers (Shah el ul., 1998; Weiss & Shah, 2002: See er al., 2003) have observed 
improved shrinkage and cracking resistance in concrete by using shrinkage reducing admix!lU"es 
(SRA). SRAs work by reducing the sUJface tension of the mix water, which in turn reduces (he 
stresses in the capillary pores (Shah et al .. 1998). Pease c/ al. (2005) showed !hal there is a 
linear relationship between the surface tension of the SRA-pore water solution of concrete and 
the shrinkage coefficient as shown in Figure 2.10. According to Radlinska et al. (2007), SRAs 
ha\ie two efrecl~ on COllCrete shrinkage: firstly, SRAs reduce the o\ierall magnitude of shrinkage, 
and secondly SRAs reduce the rate of shrinkage. 
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Figure 2. 111: A plot of surface tension of SRA-porc wa(~"I' solution of concrete against shrinkage 
coefficienl [rom Pease ,,[ ,,1. ( 2005). 
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2.5.6 Curing and fibers 
Banthia & Gupta (2006) have recommended that the degree of early age shrinkage can be 
reduced by good curing practice. Deshpande et. al (2007) noted a reduction in overall shrinkage 
strain with an increase in curing period in ordinary concrete specimens. According to Krauss & 
Rogalla (1996), increasing the curing period decreases the shrinkage rate and also the extent of 
shrinkage. However, the ACI Committee 364 (2006) notes that curing only delays moisture 
evaporation and its associated drying shrinkage but does not reduce the overall shrinkage strain. 
Curing provides sufficient moisture to prevent the surface from drying out. Consequently this 
reduces the effects of surface cracking. 
Bissonette & Pigeon (1995), Banthia & Gupta (2006) and Carlsward (2006) showed that the use 
of fibers reduces occurrence of early age shrinkage cracks. Banthia et. at (1996) investigated the 
effect of steel fibers on restrained shrinkage cracking of thin bonded overlays cast directly on 
substrate beams and exposed to a drying environment to induce shrinkage. Lengths and widths of 
the resulting cracks in the overlays were expressed as  function of time. Addition of fibers was 
found to delay the onset of cracking and also reduce the widths of the cracks. According to Shah 
& Weiss (2006), the age at which cracking becomes visible is slightly delayed by the inclusion 
of steel fibers presumably due to the fibers' ability to arrest cracking before the crack propagates 
across the specimen unstably. Fibers reduce crack widths by bridging the cracks formed and 
preventing them from widening. 
2.5.7 Member size and shape 
Drying shrinkage is also affected by the size and shape of the concrete member. Since drying 
shrinkage of concrete takes place from exposed surfaces, it generates moisture-content and 
thermal differentials, with associated restrained strains and internal strain gradients. Thus, actual 
observed shrinkage will depend upon member geometry and dimensions despite the fact that 
potential drying shrinkage is conceptually an intrinsic property of concrete (Alexander & 
Beushausen, 2009). Amba et al., (2010), investigated the effect of property gradients (hydric and 
hydration) on the sensitivity to cracking of bonded overlays. Property gradients were measured 
using the "slice test" (Care & Nicolle, 2005) and strain gauges were used to measure strain 
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gradients. It was observed that moisture gradient, porosity and strain gradients were both 
dependent on the extent of the drying surface, and also the depth from it. 
2.5.8 Temperature, relative humidity and time 
Relative humidity (RH), temperature and time also affect shrinkage cracking of concrete. Figure 
2.11 shows the effect of RH and time on the shrinkage of concrete. The rate of shrinkage 
decreases with time even though it is still measurable after 20 years (Troxell et al., 1958). In a 
study done by Baroghel-Bouny & Godin (2001) a linear relationship between shrinkage strains 
and relative humidity was found for a large range of concrete mixes. 
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Figure 2.11: Relationship between shrinkage and time for concretes stored in different RH, as given in 
Troxell et ai, (1958). 
Appropriate curing and slow drying have a positive influence on drying shrinkage. Garas et al., 
(2009), investigated the influence of thermal treatment on shrinkage of UHPC, and observed that 
steam curing reduced both drying shrinkage and swelling of UHPC. This was attributed to the 
improvement in the cementitious matrix achieved via thermal treatment, as the reaction of CSF 
and other phases may be activated, reducing the average pore size. This was in agreement with 
what was observed by Collepardi et al. (1997). 
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Environmental conditions such as relative humidity (RH) and temperature also affect the creep 
of concrete. The total creep comprising basic and drying creep will increase with a decrease in 
ambient RH or an increase in temperature. Lower RH considerably increase the creep of concrete 
that is allowed to dry for the fIrst time under load. The enhanced creep seems to be due to higher 
creep rates during the earlier stages of drying. The RH effect is much smaller if concrete has 
previously reached hygral equilibrium with the environment before application of the load. 
2.6 Methods of testing restrained shrinkage cracking 
Various methods of testing restrained shrinkage and cracking of concrete have been developed 
by different researchers. Adequate performance with respect to cracking cannot be properly 
assessed on the basis of free shrinkage tests alone. In addition to shrinkage strains, testing 
methods need to account for arising stresses and stress relaxation. According to Bentur & Kovler 
(2003), the restrained shrinkage tests can be classifIed into four categories: ring tests with a 
restraining core, longitudinal tests where the restraint is at the edge of the specimen, panel tests 
in which the restraint is along the circumference of the panel, and tests in which restraint is 
offered by the substrate, simulating performance required in repair and retrofIt. 
2.6.1 Plate tests 
Plate tests (also referred to as panel tests) are tests in which restraint is generated on the 
perimeter of the plate, and are generally used to evaluate plastic shrinkage cracking. Different 
researchers have used different test specimen sizes and test details. Usually very flat and thin 
concrete specimens are used, and the maximum aggregate sizes are small or no course 
aggregates are used. To simulate adverse drying conditions, some researchers use fans to blow 
hot air across the plate surface. 
Kraai (1985) used a cracking test in which flat concrete specimens were exposed to severe 
drying conditions achieved by hot air blown by a fan, Figure 2.12. 19 mm thick plate specimens 
were cast in 610 x 910 mm wood forms with the bottom lined with plastic to prohibit absorption 
and reduce restraint. Edge restraint was provided by 13 x 25 mm mesh hardware cloth bent in an 
L-shape and attached to the base of the mold. Fresh concrete was then cast into the molds, 
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compacted and troweled. and then the specimens were immediately placed in front of fans 
producing air speeds of 4.5 - 5.4 mls. The use of fans, in addition to low thickness and large 
surface area specimens. a.;:celerated hoth evaporation and shrinkage rates. Aftcr 24 houn; of 
drying. the specimens' cracking characteristics such as craek lengths and widths were mc&urcd. 
Two eoncrete specimens. one control and one with a single property allL'fed wen: simultaneously 
ellSt and relative cracking potential was determined by comparing the two panels. The mixes 
tested contained 418 kg/m" of cement and a high water-cement ratio. 0.7. For this test, the 
suggested proportion of cement to aggregate was 1:-1 by weight and no coarse aggregate was 
used due to the 19 mm thickncss of the specimens. Kraai found that cracking began around one 
hour after drying waS initiated and most of the cracking occurred within 4 hour. 
" 
. ,/ 
The above test by Kraai (1985) was also adopted hy Shaeks & Hover (1988) to asscss how mix 
proportions and construction practices affect plastic sJu'inkage in concrete. In this test. the 
authors used plexiglass fonns to make the specimens. and also expanded metal lath affixed to the 
inside perimcter of the torm as edge restraint. The use of plexiglass forms prevented additional 
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lno,"LUTc loss from the concrete to the forms, and also enhanced the dmahi lity of the test In 
additi,m, the expanded metal laths improved the edge restraint of the test. 
Figure 2.13 shows a sch~matic diagram of the plate t~5t used by Yokoyamil el al. (1994) to 
investigate the perfonnance of low volum~ cont~nt pol ym~r Ebers, to reduce plilslic shrinkilge 
cracking. In this test. 6O(l x 6O(l mm slilb moulds wer~ used to Cilst concrete specim~ns, with 
restraint achieved by short steel bars at the edges of the plate. The surface was then subjected to 
drying by exposing it to hot air blown by a fan, simulating windy conditions. Performance of the 
concrete was then quantified in a variety of ways to estimate the extent of cracking: maximum 
crack width, total crack length and crack area. 
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l"iguro 2. [J ; Plat~ test m~d in the si ud y by Yokoyama n al. (1994). 
2.6.2 l.ongitudiual tc , t 
lDnglludinaltests arc tests in which a linear specimen is restrained at one end and the "the, end 
is used to monitor the deformation or th~ forc~ causing the defonniltion. Longitudinal tests Ciln 
funllCf be divided into hmgitudinill-'luil1itiltive, longitudinal-active and longilud i11<ll -passi"e, ilS 
di scussed in the foUowing sections. 
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2.6.2.1 1 .ongiturlinal-'1ual itatiyc 
In the longitudinal-qualitative setup. the longitudinal geomelry i, lISed a, a restraint 10 measure 
cracking only. Therc is no instrumentation used to estimate deformalion, or resulting slresses. 
except tor a microscope that may be used when r<.lCording the width and numher of cracks. rhe 
tests developed by Banthia. er al. (19\13) and Berke & Dallaire (1994) are good examples. 
In the test developed by Banlhia .:/ al. (1993). Figurc 2. 14. a 40;<; 40 x 500 rum specimen wa, 
cast inlo a mould with lripl~ bar anchor, at it, ~ruh. The anchors were rigidly fixed to a 50 nun 
base plale lhrough vertical po,\,;. The mould itself was mounted on two frictionless rollers that 
were free to slide in the longitudinal direclion. Concrete specim~n, were mounled on lhis 
assembly after dernoulding, and lhe whole as,embly wa~ placed in an environment chamb~r at 
50°C I 500/0 RH. Cracking was observed by means of a microscope lravelling above the 
spedmen, and the number of cracks, logelher with thcir width,. wa" recorded. This study 
investigated the effect of seven lypes of lib~rs (divided inlo Iwo grouP" viz. macro-fibers and 
micro-fibers) on restrained shrinkage cracking of c~ment paste, and mortar,. The result, 
mdicated different cracking pattel1lS for the two different fiber groups, and thi~ was a\lribu\ed, in 
pari, \0 their ditTerenl reinforcing mechanisms. 
I ~~, .... - , 
i ~ • ..,,'"" ......... { 
I jUj~-' "-=~~ ~\ I .. _"-~~~ .- '.--... "::::', 
...... ,--~~---
... ~.- .. ---... 
Figu,"" 2.14; Lungilu(\inal tests us~d in th~ ,rudy by Bamhia ci al. (1993). 
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2.6.2.2 Longitudinal-passive 
In thi~ t~st setup, th~ rig is partially instrumented to determine also the restraining fon;e, and 
stresses. The test is passiw in nature, ,anee the restraint is achieved by longitudinal burs on 
which strain gauges ar~ mounted. A good example of this setup is the RILEM cracking frame 
Slatxlard test TC 119 (I <)<)7) u~ed for crack evalualion (RILEM). Figure 2.15 shows a schematic 
of the test apparatus. The test is made up of a concrete beam and two surrounding steel bars in 
th~ longitudinal direction. The grip is of a taper~d goomelry, to eliminate stress eoncClllrations 
that may result in premature cracking. Thi, arrangemdll does not eliminate the deformations 
entirely, atxllhe small deformations that occur are m~asured by lhe slrain gauge, on th~ st~d 
bar~. Reslraining stress is calculated from the slrain data and the Sled atxl the concrde eross-
,eclion areaS. 
The cracking frame can be used to estimate both the compr~ssi~e re~trai"ing 'lr~s,es, which 
occur a, th~ t~mpd"ature increases immediately after casting, as well a~ r~st)""dining knsil~ 
stresse, tlml occur on cooling later on. The bars are made of swd with a kw,' c(}effici~nt of 
thermal expansion, so thallhc strain in it will not be affected by the temperature build up which 
<lCCUrs in the ncar concrete. 
Figure 2.1 S: The R!LIlM cracking frame test (KlLEM TC I I Q, 1 '¥I7 J. 
In the thermal ksts , th~ paramelers obtained are the stress deve lopment curve" the z","o str~~s 
temperature (lh~ temperature at which the compres,i~ e 'tr~~s itxluced early on during heating is 
reduced back k} zero) and the cracking temperature (th~ temperatur~ in lh~ cooling range at 
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which cracking occurs). If the cracking frame is cooled to the surrounding temperature and the 
specimen does not crack in four days, its temperature is decreased at a fixed rate until cracking 
occurs. The temperature at which cracking occurs is recorded as an indication of the cracking 
resistance property of the concrete mix in actual service conditions. The lower this temperature 
can be, the better the cracking resistance. 
2.6.2.3 Longitudinal-active 
In this setup, the rig is instrumented so that the grip position is adjusted to keep the specim~ at 
zero deformation or close to it, while measuring the load in the grip. This test is viewed as an 
active one since there is a continuous need for external intervention to keep the specimen at zero 
strain. This category also includes fully instrumented tests in which a closed loop computer 
controlled system is used to control the grip position and fix it to zer  strain while recording the 
load and deformation in the specimen. 
A good example is the test by Paillere et al. (1989), in which autogenous shrinkage of silica 
fume concrete with steel fibers was studied. In this test, a concrete specimen was cast in a mould 
on a horizontal bench. The specimen was placed in a vertical position after the concrete had set 
to prevent any bending effects. The specimen had a cross-section of 8.5 x 12 cm and a total 
length of 1.50 m. One end of the specimen was fixed, while the other end was mobile to allow 
for shrinkage. A monitoring system at the mobile end of the specimen controlled a dynamometer 
that applied and recorded the force required to keep the specimen at constant length. The 
restrained shrinkage stress was calculated from this force and the cross-sectional area. Figure 
2.16 shows this test setup. A companion specimen with the same geometry was also cast in a 
mould that allowed it to shrink freely without restraint at one end. Six concrete mixes with 
water-cement ratios between 0.26 and 0.44 and a constant cement content of 425 kg/m3 were 
tested. The maximum size of coarse aggregate was 20 mm. Five mixes contained varying 
amounts of superplasticizer, and four of those mixes included 63.75 kg/m3 of silica fume. Two 
different sizes of steel fibers were used, one size at a time, in three of the mixes. The authors 
found that addition of steel fibers to concrete increased the time to cracking and also restricted 
crack width development in silica fume concretes. 
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Figure 2.16: LongilUdinal (cst u,ed by Paill .... ~ <'I al. (1989). 
2.6.3 Substrate restra ined jests 
Substrate restrained tests are test method, in which restraint is induced by the substrate. 
According to Bentllr & Kovler (2003) these types of tests simulate beneT the coociitions which 
OCCur in practice. especiaJly in repair and resurfacing applicalioos. They classified these tests 
into two categories. depending on the variable being assessed by the test: either cracking Or 
curling. The cracking tests include the test described by Banthia c/ al. (\996) and the German 
angle lest (German Federal Ministry ofTram;pon:. HighwayCon,truction Department, 1990). 
In the lest by Bamhia e/ al. (1996), Figure 2.17, a mold measuring 1010 mrn long and 100 mm 
wide wilh a restrain ing substrate at the bottom waS used to aSSeSS the cracking potential of fiber 
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rcinforc~d concrde. The restraining substrate was a 40 mm concrete whose surface was 
roughened by manually placing 20 mm aggregates on the fresh concrete. lollowed by curing in 
hot water at 5(J'C for 3 days. After curing. the mold, together with tho s~bstrate, waS thoroughly 
cleaned and dried. This ensured that tbe substrate surfuce was Itee o/" any loose material. 
Therealler. an overlay of 100 mm deep concrete was cast on this s~bstrat~ and plac~d in an 
environmental chamber in which hot air was blown over the sp~cimen. The .mvironm"nt in the 
chamber was 38°C I 5% RH. The drying test started 2.5 hours after castin;; the overlay. Crack 
monitoring was carried out with a hand held microscope equipped with a vernier. and parameters 
such as time to first crack. crack width and crack length were recorded and used in the results 
analysis. 
! 
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Figur~ 1.17: Substrate ()pC te,( used by Flanthia e/ al. (1996)_ 
, 
.~ 
The Gcnnan angle test is a lin~ar r~strained shrinkage t~st developed in German and adopted by 
the Highway Con,truction Department of the Federal Ministry fO<' Transport_ In this test, 
concrck is poured into a V-shaped channel (70 mm cross-section and 1000 mm long), which is 
kept uncovered in standard atmosphere (Figure 2.18). This method is int~nded for ~valuation of 
plastic additives for overlays. Crack monitoollg is continuously carried out at sensitivity better 
than 0.02 mm. After 90 days. any cracks having occurred arc measured for crack width to within 
0.02 mm. the number of cracks. the time of cracking. and also large areas of detachment fi'om the 
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steel are also noted. Materials tested by this method with crar.:ks wider than (j, j mm alT nol 
accep(oo. AIS(l, no bonding failure in large areaS is allowed in this lest. 
~mm 
(l"tn.) 
woo nUll 
!O rnm 
12 7~ in,) 
R<"p>;' 
M .. ~rial 
Banthia & Gupta (2009) developoo a bonded overlay method to investigate the influence of 
mixture propoctions on plastic shrinkage cracking in cemmtitious repairs and overla Y"_ This test 
wa, based on the test by Banthia e/ "f. (1996), although the size of the specimeu was reduced to 
325 " 95 x 40 rrml and a base with prornherauces was used. In (his m~>!hod. th~ cernentitious 
material to be iuvestigatoo was cast on a substrate base with protuberance. and the entire 
assembly was subjected to drying in an emironrnental chamber. Figure 2.19. The use of a base 
with protuberance. enabled a high degree of restraint, whieh resuitoo in cracking developing 
faster. Overlay eracking was then charactensw with the help or a magnification device and 
image analysi. software. 
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Figure 2.19: A ,ubs(rat~ bas~ with )TOfUherance, and a drying chamber used by Bauth;" & GUilla (2009). 
2.6.4 Ring fes t 
According 10 Bentur & Kovler (2003), Ih~ Ring leSl is th e most common test used for eSlimating 
the cracking potential of r~1'air mortars. It is applied to evaluate both the plastic shrinkage 
cl1Icking of fresh concrel~, as well as the shrinkage cracking of hartk'11cd concrete. [n the ring 
test, a concrete annu lus is cast around a restraining core (usually made of steel) and is allowed 10 
shrink against it Tcnsjl~ tangential stresses are d",'clop.:d in the concrete ring, and if large 
enough (ifthcy exceed the tensile strength of the material under (cst) they may lead to cracking. 
The ring kst has been used [0 c,'aiualc cracking potential of cl'tl1ent-hllsed materials for mnny 
years. Carlson and Reading (1988) discussed the finn ring test:; which were performed between 
1939 and 1942, These tests Wer~ used to im'~stigate the resistance of concretc to shrinkagc 
crocking in concrek walls. The authors casl a ring of concrete (25 mm thick) around a polished 
ring of stcel (25 mm thick and 175 mm diameter) and dri~d the concrete at 25, 50 and 75 % 
relative hnmidity. after a preliminary moist curing p~riod. The height of thc specimen was 38 
mm. and only cireumf~rential drying WaS allowcd (thc top and bOllom surJhces werc scaled). 
"lime ofcrdCking was dd~nnined by periodical visual inspection. Companion free ~hrinkage bars 
with the same cross section area os the ring were used to estahlish the strain at th~ tjm~ of 
cracking. So as to simulate shrinkage 111 the cirenmfi:r~ntjal surface of the concrete ring, th~ fre~ 
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shrinkage specimens were sealed to allow drying from one side only. Carlson and Reading used 
the strain from the free shrinkage bars to estimate the strain and stress in the ring at the time of 
cracking. 
Two American standards for the ring test exist: the American Association of State Highways and 
Transportation Officials (AASHTO) standard and the American Society for Testing and 
Materials (ASTM) standard. These two tests are used to compare restrained shrinkage cracking 
potential of different concrete mixes. Factors such as cement paste content and water-cement 
ratio, cement type, aggregate type and content, and admixtures as related to the time and 
cracking potential of concrete are evaluated. 
2.6.4.1 AASHTO Ring test 
In the AASHTO Ring test (AASHTO PP34, 1998), the standard inside steel ring has a wall 
thickness of 12.7 ± 0.4 mm, an outside diameter of 305 mm, and a height of 152 mm. The outer 
ring can be made of 6.4 mm thick cardboard form tube with an inside diameter of 457 mm. Four 
strain gauges are mounted on the inner surface of the steel at equidistant points at mid height. 
Data acquisition equipment is used to record automatically the readings on the strain gauges. 
Forms can be made of 0.6 x 0.6 x 0.016 mm thick plywood sheet or PVC. Curing can be applied 
by using pre-wetted burlap covered with plastic. The outer forms are removed at an age of 24 ± 1 
hr, and then the specimens are moved to the condition room with a constant air temperature of 23 
± 2.00 C and 50 ± 4 % relative humidity. The time and strain from the strain gauges are recorded 
every 30 minutes, and review of the strain and visual inspection of cracking is conducted every 2 
or 3 days. A sudden strain decrease of more than 30 micro strains usually indicates cracking. 
After the concrete ring cracks, the time to cracking, cracking width and length on the exterior 
radial face is recorded (Zhuang, 2009). 
2.6.4.2 ASTM Ring test 
The ASTM Ring test (ASTM C 1581,2004) differs from the AASHTO test in dimensional sizes. 
The standard inside steel ring has a wall thickness 13 ± 0.12 mm, an outer diameter of330 ± 3.3 
mm and a height of 152 ± 6 mm. At least two electrical resistance strain gauges are wired in a 
quarter bridge configuration. The base can be made of epoxy coated ply wood or other non-
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absorptivc amI non-reactivc surface, The outcr ring can be made of pvC pipe with 406 -"' 3 mm 
inside diameter amI 152 ± 6 mm height. The testing environment has the conditions of 23 ± 2,0" 
C and 50 '" 4 % rdative humidity. The dates amI strain trum the strain gaugcs must be recordell 
at least every 30 minutes. A sudllen llecrease of more than 30 micro-strains in compressive strain 
in onc or both strain gauges indicates cracking. After the concrete ring cracks. the time anll 
cracking length and width on Ihe radial face are recorded. The specimen is then monilOrcd rDr 
two additional "eeks after cracking. The figure below shows the ring set up. 
----------
Sleel 
(" on cre te Spe<:imt'll 
\Vood .. n Base 
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e 
• 
Fi~urc 2.20, Ring Ie" os M'CIi~d by ASTM (2{)(14). 
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2.6.5 Summary of test methods 
The above section (Section 2.6) has provided a brief review of the various test methods that have 
been developed for measuring restrained-shrinkage cracking tendency of concrete repair 
mortars/overlays. Among these methods, the ring test is the most common method used. The 
usefulness of the ring test stems from the fact that it is simple, the test apparatus is relatively 
inexpensive to construct, and it can be used to compare most of the factors that affect the 
cracking tendency of concrete at the same time. The ring test also produces easily visible cracks. 
However, it should be noted that the ring test method only reflects the relative tendency of 
concrete with different mixes and different conditions, and it cannot represent the concrete in 
actual service life. 
A ring test method similar to the one described in ASTM C 1581-04 standard (2004) was 
adopted in this study. 
2.7 Tensile strain and stress in bonded concrete overlays 
Overlays may exhibit performance problems which manifest as cracking and/or debonding, 
which result from differential volume changes between substrate and overlay. The overlay is 
subjected to shrinkage and thermal movements, while the substrate deformations are negligible. 
The restraint of overlay shrinkage by substrate causes tensile stresses in the overlay. 
2.7.1 Strain due to restrained shrinkage 
Figure 2.21 shows the strain 'e' acting through the composite section; where the section is taken 
to be very thin so that the strain gradient may be considered to be negligible. Since perfect bond 
is assumed between substrate and overlay i.e. there are no irregularities at the interface causing 
poor bonding, both substrate and overlay undergo the same linear contraction. Therefore, this 
imposed linear strain leads to an induced linear stress in each section. Effects of curvature, 
interface slip and strain gradients across both overlay and substrate are ignored in this 
simplification. 
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Fj~ure 2.21: DistributiO!! of ,truin in a very thin compo,;(e section. as reporled by Beushausen & 
Alexander (2007). 
Eff~cts of curvature can only be ignored for common concrete repairs i.e. thin overlays on very 
stilfsubstrates. In this case. effects of o..'11ding moments re~ulting from differeotial shrinkage can 
usually ~ n~glected. However. in members with relatively low substrate stiffness e.g. strucmral 
o\'erla~ on concrete slabs, bending mOl11<.'11ts due to differential ~1U'inkage might cause 
cOllsiderable curvature, resulting in compressive strain in the overlay and hence in partial relief 
of tensi Ie overlay stress (Beushausen. 2(05). 
Beushausen & Alexander (2(07) carried out cxperiments on overla~ of different thickncs~C5. In 
their study, they assumed the suhstratc to he fully fixed at the bottom. Figure 2.22 presents the 
strain profil~s obtained Ii-om their exp<.'Timents. Since members denoted B I, B2 and B3 were not 
allowed to curve. their stmin values arc due to differential shrinkage disregarding effect~ of 
curvamre. It is interesting to note that maximum strain observed was due to shrinkage of the 
thinnest overlay i. e. 20 mm thick, and that the strain profile observed is non-lincar. This is in 
direct cOlltrasl to the assumptions made in Figure 2.21. 
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Figu,.., 2.22: Distribllion of strain acros' the substrate depth, from B"ush:llIs~u & Aluand...- (2007). 
It was further oosl"rvcd that the overlay depth has little appreciable influence on the interface 
strain development. Results of the simulation showed that 8uhstrat" strain is constant throughout 
the length of the interface, an indication that overlay shrinkage restraint remains constant () .. ~.,­
the whole overlay surface area. The above measured strain represents the sum of different 
components namd)'; direct eiasti<: strain. strain reduction due to overlay stress relaxation, and 
suhstrate creep strains (Beushausen & Al~>J(ander, 20(7). 
2.7.2 Stress due to Fe,trained 'hrillka~c 
II is n01 easy to predict stresses resulting from shrinkage restraint in bonded concrete over lays. It 
is no! possible to calculate thesc strcsscs from th" product of th" free shrinkage strain and the 
clastic modulus be\:ausc of thc efT~ct" of c"'''P and relaxation. Thcrcf(,rc, the influence of factors 
such as increase in ratc of ow'day shrinkage coupled with shrinlmge restraint, increase in clastic 
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modulus, creep etc. complicate matters. It is simpler to look at the effects of direct stresses alone 
before considering influences of other stress mechanisms. In this case for a fully bonded overlay 
with consistent restraint along the interface, it can be shown that instantaneous elastic strain of 
the overlay [2.1] and substrate strain [2.2] at the interface is as follows (Beushausen, 2005) 
E - (E EFSS ) 
restr.O,J - FSS - l+~'CE [2.1] 
E - ( EFSS ) 
S,J - l+!£'C 
EO E 
[2.2] 
Where Erestr.O,J = restrained overlay strain at the interface 
EFSS = overlay free shrinkage strain 
E S = modulus of elasticity of substrate 
Eo = modulus of elasticity of overlay 
C E = constant accounting for combined influences of relative 
member dimensions and strain profile characteristics 
ES,J = substrate strain at the interface. ES,J = EO,J = EJ 
(EO,J = Overlay interface strain, EJ = interface strain) 
In the linear-elastic range the stress profile is determined by the strain. In bonded concrete 
overlays the top surface of the overlay has more freedom to shrink compared to the interface, and 
for the substrate the higher strains are at the interface since it is bonded to the shrinking overlay. 
Figure 2.23 shows the strain profile. 
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Direct strains, E 
Overlay -----------------------------------.~--------------------------
=I~ 
Substrate 
Figure 2.23: Distribution of strain across the substrate depth, as reported by Beushausen & Alexander 
(2007). 
Another influence is that of elastic strain. This complies with linear elastic theory i.e. restrained 
shrinkage at any given time is proportional to overlay stress. Hence direct elastic stresses due to 
overlay and substrate strain are represented by [2.3] and [2.4] respectively (Beushausen H. , 
2005). 
(J. = (E - EFSS ). E 
0,1 F55 l+~'CE 0 (tension) 
(J - ( EFSS ) E 
5,1 - l+~'CE • 5 (compression) 
Where (JO,I = direct elastic stress in overlay 
(J 5,1 = direct elastic stress in substrate 
The rest of the parameters have been defined above 
[2.3] 
[2.4] 
The stresses in equations [2.3] and [2.4] exclude the effects of overlay relaxation. In bonded 
concrete overlays, direct elastic stresses do not remain constant. They are subject to overlay 
relaxation and substrate creep. Substrate creep contributes to stress relaxation by increasing the 
overlay strain. This leads to a reduction in restrained shrinkage. Therefore resultant overlay 
stress is due to stress relaxed by substrate creep plus stress relaxed due to tensile relaxation. 
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These mechanisms are interdependent, and thus cannot be separately dealt with. Other stress 
release mechanisms in concrete overlays can be attributed to curvature and interface slip. 
However, these apply to situations where overlays are bonded to relatively flexible substrate or 
the overlay-substrate interface is poorly bonded. 
Therefore including the contribution of creep and relaxation, overlay and substrate stresses can 
be represented as shown in equations [2.5] and [2.6]. It is worth noting that variables in 
equations [2.5] and [2.6] are time dependent (Beushausen, 2005). 
[2.5] 
(10,1 (t) = (l/Jo(t, to) . cFSS (t) - C/(t)) . Eo(t) 
= (~/I (t t ) . C (t) - 1/JOCt,tO)-EFSSCt)) • E (t) [2.6] 
'flO '0 FSS l+~'  0 
BaCt) E 
Where (1S,1 (t) = direct stress in substrate at age t 
(10,1 (t) = direct stress in overlay at age t 
t = age at the time of testing 
to= age at the time of loading 
l/Jo (t, to) = relaxation function within the period (t- to) 
cFSS (t) = free shrinkage strain of overlay at age t 
Eo (t) = modulus of elasticity of overlay at age t 
the rest of the parameters have been described earlier. 
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Stress caused by restmined shrinkage, if in excess of the tensile stungth of the ovt.>rlay after 
tensile I'ela:o::ation, will re,u[t in cracking and debonding of the overlay. Stress Can also partly be 
rtlduced by curvature and subsuate creep (the rest is dealt with in equation [2.6)). 
2.7.3 Restraint i ~ proportion,,' to free sh rinkage 
BeushausCD (2005) cast overlays of realistic dimensions (1600 x 155 x 40 Inm) on suhstrate 
beams (1600 x 155 x 200 rum) and attached strain targets. Figure 2.24. Bu,ed on strain 
mc~surcmcnts alung the interface at both the overlay and the sunstrattl , the composite. behaviour 
could be idcntillcd through the strain response. Through ,!min measurements, it was ohserved 
that in the case of bonded overlays. strain measured was proportional to 60% of fre~ shrinkage 
/' , '~6~" 7. ~~J / ----r 
\ '"", 
rigure 2.2~ : Member dimensions and measuring s..>\up in llcushausen (2005). 
!.~ 1\1£"'''I"£s cmpl,,}'cd to minImize shrinkage cracking 
To minimiz~ and/or eliminate shrinkage cracking. a number of strategies may be used and they 
include: 
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• Proper curing techniques to prevent excessive loss of water due to evaporation e.g. use of 
wind breaks is encouraged when casting in windy and hot conditions. 
• Internal curing techniques (Delatte et al., 2007) - (a) Utilizing high absorption aggregate 
i.e. absorption level greater than 1 %, (b) replacing fine aggregate with light weight 
aggregate (L WA) of higher water absorption, etc. 
• Improved mix designs that minimize the paste content, and also using larger size 
aggregates with optimized gradation to reduce the need of water and cementitious 
materials in the concrete. 
• Improved construction practices that reduce the degree of restraint of the concrete. 
• Addition of single or hybrid fibers (specific fiber types and mix combinations need to be 
matched to achieve desired characteristics) to increase the bonding strength of concrete to 
resist restrained shrinkage cracking. 
• Incorporation of shrinkage reducing admixtures (SRA). 
• Inclusion and use of cement extenders. 
The above measures are some of the strategies that can be employed to minimize restrained 
shrinkage cracking in concrete. The importance of proper construction practices such as proper 
curing cannot be over emphasized. 
2.9 Conclusion 
In this chapter the various factors that affect performance of concrete repair mortars/overlays 
were identified, as well as the different tests used for evaluating performance. It was found that 
performance of bonded overlays depends up~n the interaction of many factors, and to be able to 
predict overlay performance would require understanding of these factors. In the next chapter, 
the methods used to evaluate the different factors affecting overlay performance are discussed. 
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CHAPTER THREE: EXPERIMENTAL TECHNIQUES 
3.1 Introduction 
In Chapter Two the various factors that affect the performance of concrete repair 
mortars/overlays were identified, as well as the different innovative tests used for evaluating 
performance. It was established that whether an overlay cracks or not depends upon the 
interaction between the tensile stress from restrained shrinkage and the other material properties 
such as tensile strength, tensile relaxation and elastic modulus. Therefore, it is important to 
understand how the different material properties affect overlay performance. To this end, 
material property tests were carried out in order to find out how these properties affect cracking 
behaviour of repair mortars/overlays. This was in line with research objective (i) given in chapter 
one. Material property tests involved determination of parameters such as free shrinkage strain, 
tensile strength, elastic modulus and tensile relaxation. Effects of varying water-to-cement ratio 
(Le. mix type) and curing period on the different material properties were investigated. 
In order to determine the age at cracking and extent of cracking (crack area), ring tests and 
bonded overlays were also carried out. The ring test was chosen as the restrained shrinkage test 
because of its simplicity as pointed out in Section 2.6.4. Analysis of the ring test results together 
with results from the material parameters allowed conclusions to be drawn on the influence of 
the different material properties on restrained shrinkage cracking. This was also checked with 
results from the bonded overlays. A comparison of results from the bonded overlays and ring test 
enabled an assessment of how close the ring test would predict restrained shrinkage cracking in 
overlays. 
Material parameters results were further used in the analytical modeling of age at cracking in 
Chapter Five. Bonded overlays results were compared with the results from the analytical 
modeling and this allowed an assessment to be made on how close the analytical model predicts 
age at cracking in bonded overlays used in this research. A detailed flow chart of the 
experimental process is given in Figure 3.1. 
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l Trial mixes J 
~ 
l Selecting suitable mixes and test methods J 
~ l Casting test specimens J 
I 
I' '\ Material properties tests I' '\ 
Ring test Bonded overlays 
~ Tensile strength 
~ Age at cracking ~ Age at cracking 
~ E modulus 
~ Quantification of ~ Quantification of 
cracks (crack area) ~ Tensile relaxation cracks (crack area) 
'- ~ free shrinkage strain 
~ Compress. strength 
I 
Collection and analysis of results J 
+ 
Conclusions and recommendations 
Figure 3.1: Structure of experimental research. 
The experimental procedure started with trial mixes. This enabled and facilitated the selection of 
suitable mixes and test methods. After the mix selection, dog bone specimens were cast. These 
were used for free shrinkage, tensile strength test and tensile relaxation tests. Furthermore, 
compressive strength test cubes were also cast to monitor the strength gain at the ages of 2, 7, 10, 
14, 21 and 28 days. These tests were carried out for material characterization purposes only. 
Elastic modulus test cylinders were also cast to monitor the development of elastic modulus with 
time. These were also evaluated at ages 2, 7, 10, 14, 21 and 28 days. Due to the difficulty 
associated in carrying out elastic modulus tests in tension, it was decided to do the tests in 
compression. According to Mehta & Monteiro, (2006a), the elastic modulus of concrete in 
tension is the same as that in compression. Free shrinkage specimens were monitored for a 
period of 12 weeks, while tensile relaxation tests were carried out for 72 h. According to Masuku 
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(2009), bonded overlays often crack in practice as they experience stress close to their tensile 
strength. Therefore, it was decided to carry out tensile relaxation tests at a stress level equivalent 
to 80% of the tensile strength. 
Due to the large amount of work involved and limited manpower, it was advantageous to divide 
the testing program into three stages namely: stage 1 (this included all tests for material 
properties such as free shrinkage, elastic modulus, tensile strength etc), stage 2 (which included 
casting and testing bonded overlays for cracking potential) and stage 3 (this was comprised of 
the ring test for restrained shrinkage cracking). Stage 1 tests were carried out for a period of four 
months, stage 2 tests for a period of one month, and stage 3 tests for a period of one month. The 
testing program took a period of six months in all. 
The following sections describe the materials used and also the methods of testing employed in 
order to meet the objectives of the study set out in chapter one. 
3.2 Test materials and conditions 
In order to test materials that are representative of repair materials used in the Cape Province, 
five materials representing three commercial mortars and two laboratory made mortars were 
selected for investigation. The three commercial mortars comprised a non-sag multipurpose 
mortar (Sika Rep LW), an overhead, horizontal and vertical repairs.mortar (Sika MonoTop-615 
HB) and a synthetic fiber modified mortar (Sika MonoTop-612). Laboratory made mixes 
comprised two mixes with water-to-cement ratio (w/c) of 0.6 and 0.45. Though the above list is 
not comprehensive, it generally represents the materials that are available for overlay repairs. 
3.2.1 Commercial repair mortars 
The three commercially available repair mortars selected for investigation Were (a) Sika 
MonoTop-612, (b) Sika MonoTop-615 HB and (c) Sika Rep LW. These were selected for 
investigation because they best represented the range of products (based on application) that are 
available on the market for overlay repairs. Sika MonoTop-612 is a synthetic fiber reinforced 
mortar used for horizontal, vertical and overhead repairs. According to the manufacturer (Sika 
46 
Un
ive
rsi
ty 
of 
 C
ap
e T
ow
n
Chapler J: Experimental Tffirniqu,,, 
ProdllCt Manual, 20 I I ), it is a low shrinkage, easy to mix mortar with g<l<ld n"",hanical 
rrojlerties, Sib MOll<lTop-615 HB is cement ba.~ed mortar fo.- h<lrizontal, vertical and o\'erhead 
applications. It is made up of cement and silica fume. Sika Rep LW is also a non-sag cement 
based repair 'll<lrtar. The manufacturer of the repair mmtars does not provide infmmation on the 
constituents of the mortars; therefore. their contents are ul1kl1own. The commercial mortars were 
mixed according to the mal1ufaL'\urer' , instructions on the data 8hcct. A slump of 0 mm was 
ohtained. 
3.2.2 1 ." h"l'ator~' made mixes 
In addilion to commcrcialn;;pair mortars, two laboratory made mixes with wic - 0.6 and wlc -
0.45 were investigated. These were chosen based on literature survey. According to Masuku 
(2009), this generally falls wilhin the range of nonnal concrete mortars that may be used in 
o,'erlay repairs. 
The mortars were made of CEM 1-425 (OPC) cement and Klipheuwel sand. Kliph\;uwd sand 
was used as it is more well graded compared I<l Phillipi dune sand. Klipheuwel sand has good 
workabi lity hence lower water demand. The water content was kept constant for b<lth mixes and 
aU mixes did not contain coarse aggregates. 111i, is because coarse aggregates may c<lnlribute 10 
dilution and restraint effects (Alexander. 2()(l1). Supcrplasticiser was used for the l<l w wic = 0.45 
to improve workability. The table below shows the mix design. 
Table 3.1 Mix design for rep;lir mortar> 
--_ .. 
Normal amcre/e 
Conslill/en! mortar.' 
-
wlc ratio 0.45 0.6 
Cement (kg/IIf') 556 417 
-
--
Water (kglmJ) 250 250 
--
Klipheuwel sand (kglmJ) 1490 1605 
-
SUj'lCrplasticizer (mllmJ) 66 -
- - - ---
Slump (mm) 85±5 
- -
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3.2.3 Materiah fur , uhslrHle heHms 
The beam substrat~s for bonded overlays were cast from locally available malerials SO as 10 b~SI 
imitm~ the concrete us~d locally in R'Pairs. The conwntional C&CJ meThod was used to d~sign 
the 40 MPa eoncrcl~ usoo in th~ substrate beams. The aggregate was 13 mm nominal size 
Greywaeke, typically used for conslruclion in the Western Cape Province. Klipheuwel sand was 
chosen over Philippi dune sand for reasons given in Seclion 3.2.2. The table below gives the mix 
d~sign and material properties. 
Tahl" 3.2 M i ~ d~,ign anu pn'P"ni ~" r, .. suh>.lrme hean", 
Constituent 
--
wle ratio 0.5 
350 
I Water 17~ 
! Klipheuwcl sand 875 
:CGC~CY"=,~Ckc,c(clJcm-mc)-- 1025 
Slump (mm) --------c8"OC±Cl"5~ 
:OCnsity(kg/mJj 241~ 
! Average coCmCpc, c""c,C"Cgili~"(208c"C,Cy)c-f---C4"9C,7'M=Pc"--
3.2.4 CU"jng and lahorntory conditions 
The period of curing was varioo betw~en 2 days and 7 days. Ibis was done in oruer to capture 
the influence of curing on overlay periormance at early age up to late age. This was in Ii"" wilh 
research objeclive (ii) as given in chapt"," on~. Therc is a gradual increase in strength and 
stiJfness of concreTe with increasing duralion of concrete. The curing procedure was ~ueh that 
after samples were demouldoo. they were covered in wet hes~ian and plastic sheets for a 
prescribed curing period i.e. either 2 days or 7 day., . 
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It is important that laboratory conditions remain consistent throughout the testing period. This is 
because temperature and relative humidity have considerable effect on material properties of 
overlays. In particular, temperature and relative humidity affects the hydration of cement. There 
is an increase in flexural, tensile and compressive strength of concrete with an increase in 
concrete maturity (Newbolds & Olek, 2002; Neville, 1996). Also higher temperatures result in a 
higher degree of relaxation (Letsch, 1991). Relative humidity has a marked influence on the 
degree of shrinkage attained by concrete. Particularly drying shrinkage increases with a decrease 
in relative humidity whilst carbonation shrinkage may exhibit a more complex response 
(Alexander, 2001). Hence for consistency, all test specimens (except tensile relaxation 
specimens) were kept and tested under standard conditions of temperature and relative humidity 
(23.0 ± 2.00 C and 50 ± 4 %). Tensile relaxation specimens were tested under prevailing 
laboratory conditions. To prevent moisture loss, tensile relaxation specimens were coated with 
wax as detailed in Section 3.3.3. 
3.3 Parameters and test methods 
Consistent and reliable test methods are essential in investigating the different parameters that 
affect cracking potential of repair mortars. The following sections give details on the individual 
tests employed in order to assess crack resistance in bonded overlays. 
3.3.1 The Ring test 
The Ring test is the most common test method for restrained shrinkage cracking of concrete 
repair mortars. In this study, a ring test similar to the one described in ASTM C 1581-04 
standard (2004) was adopted. 
Figure 3.2 shows the ring setup used in the experiment. The steel ring has a wall thickness of 13 
± 0.12 mm, an outer diameter of 326 mm, and a height of 155 mm just as given in ASTM 
standard. The base is made of plywood coated with a non-absorptive substance to prevent 
moisture loss from the mortar into the base. The outer ring is made from a PVC pipe, with 380 
mm inside diameter and 155 mm height. 
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Figure 3.2 Hing ,~<: il11in' u,,;d in the test 
The tc~tin!; pro<;edur~ im ohed doing the following: 
• Prior 10 mLxing. (he outer surface of the stcel ring and inner surfac~ of th~ outer ring 
(PVC ring) \\er~ conted with a reJeas~ agent (oil) {() ensure casy rcmolal of the outer 
ring aftcr casti ng. 
• The mrHeriallO be t~~tcd \I'as thcn mixed according to thc manufacturer s 
recommendation. 
• After thc slump t~st "as ta~en {() gauge consistency ofthc mi.x. thc mi.x was then cast 
in between thc steel ring and the outer rin!; to t<lrm an ~nnulus. Th~ mould wa~ lilled 
in t"o upproxim~tely ~ual la~ers.. I\,th each lay~r c<)mpacted b~ placing the ring set-
up on a vibratio!; compactor. 
• The specimens were then transferred to the conditioning room (I\ith constant 
tcmpc"l\ur~ of23.0 ± 2.0" C and 50 ±..j % relrHi\"~ humidity) \Ii thin 10 minutes after 
.;ompiction of casting. 
• The outer mould ,,'3S then rcmowd aftcr 24 hour~. and thc ,p~cimens subjected to 
moist curing for ~ither 2 days or 7 da~s depending on the curing period. 
• After curing. the top surlilCC of the t~st specimens" ere co~ted with paraffm W;IX to 
prewm moi~mre loss. thus ensuring that on l~ cir~umfcrential drying took plncc when 
thc specimens \\cre allowed to dry under ;1aodard cond itions. 
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• The test specimens were then monitored for the appearance of cracks twice daily (i.e. 
once in the morning and once in the evening) until cracking OCCUlTed. 
• Aner the mor1ar cracked, the time and the average crack width and length were recorded. 
• The spedmcns were then moni!or~d for an addilionallwo (2) weeh after cracking. 
The time 10 first crack and cra~l charade,;<ti" such a< avernge crack width, length ek_ were 
used in the results analysis_ 
3.3.2 Tensi le strengtll 
Tensile slrength tests werc earrkd out OIl dog bonc sp(;Cimcns shown m Figure 3.3, Thr~~ 
specimens werc used lK'\" lest and the ZWICk. Roell ZU20 Teslin~ 'vlachine, Figure 3.4. was lIs~d 
Jor tensile strength tests. 
!- --- <;) - - -I 
I) -
Flgu .... 3.3: A schematic drawing: and a picture showing 11", dog bone geometry !lSoo in th~ test_ 
The testing procedure for tensi le slrength was as follows: 
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• After the spccinwn was remnvcd from thc curing cnvironment. it was wiped thoroughly 
with a dry cloth >0 a, to ~nsu", that thcrc wcre no loose materials 00 tbe spccimell. Loose 
mutcriuls would prevent th" specim~n from titling perfectly into the gripping jaws. This 
would introduce ullllece,sary ecc<-'lltricity in the te,t speeimcn. 
• The specimen was then placed in the loading apparatu" making Sure th~ sp~cimen was 
finnly fixed between the gripping jaws. 
• The load was then appli~d by the upper crosshead set to a travel raIC of about 0,2 mm per 
minute until failure. 
• The load at failure wa, then read off frum the PC connected to tbe Zwick Z020. and 
recorded as the uniaxial tensil" ,trcngth of the speeimL~l. 
TIll' ii' ~m!;l' or thrl'C specimen, wa' taken a, the t<-~lsile strenglh of the malerial al the specified 
ag~, T1lc mw results and standard deviation, are gin:n in Appendix C. 
Fij(urr 3.4: The Lwid_ f{od 1 11)21) LLscd in Ihe (ensile relaxation and tensile strenb~h I~'ts, 
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3.3.3 Tensile relaxation 
Tensile relaxation tests were carried out on specimens of the same geometry as tensile strength 
test specimens, Figure 3.3. Each relaxation test was carried out for a period of 72 hours, with the 
relaxation value at the end of 72 hours taken as ultimate relaxation. Thereafter, all other values 
were expressed as a percentage of the ultimate value. Two specimens were tested for each 
relaxation test and the Zwick Roell Z020 Testing Machine (UTM) was used for the tensile 
• 
relaxation tests (Figure 3.4). 
The procedure for tensile relaxation was as follows: 
• After the specimen was removed from the curing environment, it was coated with 
paraffin wax to ensure no moisture loss occurred during testing. 
• The specimen was then cleaned thoroughly with a dry cloth before being placed in the 
Zwick Roell testing machine. This ensured that there were no loose materials on the 
specimen, which would otherwise prevent the specimen from fitting perfectly into the 
gripping jaws. 
• The test specimen was then loaded to a stress level equivalent to 80% of its ultimate 
tensile strength. 
• The resulting tensile strain was then kept constant and the stress decay in the specimen 
was recorded automatically by a PC. 
• After 72 hours, the test was automatically stopped and the stress value at 72 hours was 
noted. 
The relaxation values at 72 hours (ultimate relaxation value) were then used in the analysis of 
results. This· involved comparing of relaxation values across the different mixes (effect of mix 
type) and also for the different curing regimes (effect of curing) in chapter four. Relaxation 
values were also used as input data in the analytical modeling of age at cracking in chapter five. 
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3.3.4 Free ,hrinkage strain 
Free shrinkage tests were carried :)ut on dog bone spocimens so as to measure the free shrinkage 
strain. The specimens used for free shrinkage were cast from the same batch as the spe~imens /01 
tenllile relaxation. tensile sll'Cngth. c1ustie modulus and compressive strength. They were of the 
same dimcnsionll as the relaxation specimens i. e. 270 x 40 x 40 Inm as shown in Figure 3.5. 
The Jlroc ~dure for measuring frcc shrinkage strain wus as follows: 
• After demoulding the spocimens. deme~ points were attached along the prismutic section 
of the dog lxme specimens at 100 mm gauge length. 
• After the specimens hud ~en given the appropriate curing. SP~"illlcnS w,re taken 10 the 
conditioned room, 
• The specimens were unseded on al l surfaces and placed on a smooth surface so that 
shrinkage waS not inhibited. 
• An eXlensometer with gauge length 100 mm was then used to measure strain everyday 
for 3 months. 
The free shrinkage strain data was thcn lIs~d in lh~ ,u,,,ly.i. of Te'lIlts in Chnpter Fo .... and 
Chapter Five . 
...----.. 
Figu,"", 3.5: A picture and schem"tic dlllwing of dog: hone .pcdmer" with dem", muh ll",d in th~ Ire" 
'hrinkage t""{S. 
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3.3.5 Compressive strength 
Compressive strength tests were carried out on 100 x 100 x 100 mm concrete. mortar cubes. 
These tests were performed to characterize the material and also to monitor strength 
development of the material. The test procedure was in accordance with SANS 5863 :2006. An 
Amsler Compression Machine was used for compressive strength tests and four (4) specimens 
were tested per each test. Results from the compressive strength tests are given in Appendix C. 
3.3.6 Elastic modulus 
Tests for elastic modulus were carried out on cylindrical specimens, with 0 100 mm and a height 
of 200 mm. Elastic modulus was determined in compression and was calculated from plotted 
stress-strain curves of the material. The modulus of elasticity values were calculated as the 
gradient of the curve in the linear portion i.e. between 0 and 40% of ultimate strength. The 
Amsler Compression Machine (used for applying stress) and an extensometer with 100 mm 
gauge length (used for measuring resulting strain) were used in this test. 
The following procedure was followed when determining elastic modulus: 
• After the specimen was removed from the curing environment, it was cleaned thoroughly 
prior to attaching strain targets. 
• The specimen was then placed in the loading apparatus, making sure the specimen was 
firmly fixed and centered between the platens. 
• The load was then applied in small increments so as to obtain enough data points for 
plotting stress-strain curves. The stress was increased up to a maximum corresponding to 
40% of the tensile strength of the material. For each increment in the applied load, a 
corresponding strain was measured using the extensometer. 
• Values of strain together with their corresponding values of stress were then tabulated, 
and stress-strain curves were plotted to obtain the gradient. 
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The average of three specimens was taken as the elastic modulus of the material. The raw 
results and standard deviations are given in Appendix C. 
3.3.7 Bonded overlays on substrate beams 
Bonded overlays were cast on substrate beams in order to simulate the behavior of concrete 
repair mortars in a real life situation. This was made further important by the fact that it would 
help to evaluate the performance of the ring test in predicting cracking potential. This was vital 
because the ring test has limitations such as: it does not take into consideration the actual 
restraint type and construction method used in a particular repair operation. 
This study was carried out by casting 1000 x 150 x 30 mm (chosen based on literature survey) 
bonded overlays on 1000 x 150 x 200 mm beam elements. The beam elements were cast 2-3 
months prior to testing to make sure that almost all the drying shrinkage took place before the 
testing of overlays began. The substrate concrete was designed as given in Table 3.2 with target 
strength of 40 MPa. A strong concrete (40 MPa) was chosen so as to make sure that the substrate 
would withstand the surface treatment employed. To facilitate bonding between the repair 
material and the beam substrates, the substrate surface was scrubbed with a wire brush until a 
consistent rough surface was obtained. The scrubbing removed loose materials and also ensured 
a rough surface. Figure 3.6 shows the substrate beams, on the left, and a bonded overlay cast on a 
beam, on the right. 
56 
Un
ive
rsi
ty 
of 
 C
ap
e T
ow
n
l"Illlrt 3.6: Subsmlle bt-.... w in lbe mc.uldl (il' «,Jod;lle~ for ......... ing DVerla~). on I.h.: kfl, aooJ .:at.I bonded 
0"1.'1'''')'1. On Ih<:- right 
The follo .... ing procedure was followed: 
• 15 .uooITllI~ be~ms. mea~uring 1000 ~ 150 x 200 111m, w~re cast 2-} momhs prior lO 
casling bonded o\'erlay<. 
• The subslrate beams were then e.~pond 10 a suitable drying cnvirO lUnem. ;,0 o. 10 en.ure 
that aU the free s:hrinkag~ look p iece prior to ~a.ti ng ove.-lay •. In order to huten drying. 
the bemru were pul into an oven am! exposed to ~ temperdlur •• of SO" C for a w«:k. This 
wu done two \O,' ed<.l>efore . h eca't in~ ofoverla~'S. 
• Before ca!>Iing overluys on Ihe sub,,:mu." beams. IIie >iluface of the jub$lOlle beam!; were 
Ihorougb!y cle.aned III cr.",,", II sl.fong bond be.,,·een sub5l rnh, and overlay. Thi. was 
impor1onl btcauu any Ioosc n\Slenal. would ,,'cakeD the bond and ""mluutty Iud to 
dcbonJing. 
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Chapter 3: Experimental Techniques 
• The material to be tested was then mixed according to the recommendation of the 
manufacturer. 
• After the slump test was taken to gauge consistency of the mix, the mix was then cast 
onto the substrate to a layer thickness of 30 mm. Prior to casting, the substrate surface 
had to be moistened. This prevented moisture loss by the overlay to the substrate and 
also ensured that a good bond formed between the two. 
• The surface was then ftnished using a steel trowel to ensure a smooth surface ftnish. 
• After being subjected to a speciftc curing duration, the composite member was then 
moved to the conditioned room and allowed to dry. 
• The specimens were then monitored every day for cracking. A hand held magnifying 
glass was used to aid with the monitoring of cracks. 
• After the material cracked, the age at cracking was noted together with the crack width 
and length, which were then used in the results analysis. 
The results from this study are given in Chapter Four. Chapter Five gives a comparison of results 
from the ring test, analytical modeling and bonded overlays. 
3.4 Conclusion 
The sections above have given information on the materials used, test methods employed, as well 
as the details of curing and the testing environment. Chapter Four gives the results and 
discussions for the different tests carried out. Analytical modeling of age at cracking is given in 
Chapter Five. 
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CHAPTER FOUR: EXPERIMENTAL RESULTS AND DISCUSSIONS 
4.1 Introduction 
In order to assess the crack resistance of repair mortars, a number of material property tests 
together with the ring test and bonded overlays were carried out using the materials and methods 
documented in Chapter Three. This chapter presents and discusses results obtained from the 
above tests. 
4.2 Material property tests 
4.2.1 Free shrinkage strain 
Drying shrinkage is one of the main causes of cracking in bonded overlays. According to Pigeon 
& Bissonnette (1999), drying shrinkage is the major cause of premature deterioration of thin 
bonded concrete repairs. Therefore, it was important to investigate the influence of shrinkage on 
cracking behaviour of concrete repair mortars. Free shrinkage strain tests were conducted on dog 
bone specimens as detailed in Section 3.3.4. To investigate the influence of curing on overlay 
cracking, specimens were subjected to two curing regimes viz. 2 days curing and 7 days curing. 
Specimens were then exposed to drying in a conditioned room with temperature 23.0 ± 2.00 C 
and relative humidity 50 ± 4 %. Measurements were taken using a demountable. mechanical 
(Demec) strain gauge with a gauge length of 100 mm and accuracy of 10 micrometers. Results 
for free shrinkage strain are given in the following sections. 
4.2.1.1 Effect of mix type 
Free shrinkage strain results for specimens cured for 2 days are shown in Figure 4.1. Sika 612 
specimens recorded the highest shrinkage values at all ages followed by Sika L W specimens. 
Sika 615 specimens had the lowest shrinkage values at 7 days and 28 days. Comparing 
laboratory mixes only, it is observed that w/c = 0.45 specimens recorded higher shrinkage values 
than w/c = 0.6 specimens. This is contrary to what would be expected. Results in literature e.g. 
Deshpande et al. (2007) suggest that in normal concretes there is an increase in free shrinkage 
strain with increase in water-to-binder ratio (w/c), due to increased porosity in higher w/c mixes. 
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The higher shrinkage values in wlc = 0.45 spedmens may be due to approximately 25% higher 
volume of cement and about 10010 less sand content for wlc = 0.45 spedmens than for wlc - 0.6 
spedmen,. Therefore, higher ,hrinkage in wlc - 0.45 sp.:cimens may have been due (0 higher 
cement and pa,te content (shrinkage take, place in (he pa,tel. These re,ult~ agree with the 
findings by Masu].;u (2009) who found that free shrinkage strain was higher in wlc - 0.45 
specimellS than in wlc - 0.6 specimens. Water content was equal in both mixes. 
I '.00 , 
''''" 
2 day cured 
, 
"00 1 "00 
" 
,~ 
• '00  , 
"'" " • ' 00 • 
'00 
" 
F igurc 4.1' r fee shrinbge stuin results for moru.rspccim<.'Jlscurcd for a period of 2 days. 
The results for 7 day cured specimens are shO\vn in Figure 4.2. Again Sika 612 recorded the 
highest values of free shrinkage 'train at all ages, filllowed by Sika L W. Sika 615 had the lowest 
values of shrinkage at both 14 and 28 days. As observed with the 2 day cured specimens. wic -
0.6 'pecimen, reconkd k,wer shrinkage values compared to w/c - 0.45 specimens. Figure 4.2 
also shows that early shrinkage rate is higher in Sika 612 specimens than in any other specirnen,. 
The shrinkage strain in Sika 61 2 sp«im~>fls at 7 days is greater than even the 56 days shrinkage 
strain recorded in the o!r..cr mix~s. In ixl110cd overlays. high early shrinkage rate may result in 
,ubstantially high tensile stresses which may increase the risk of cracking. 
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Figure 4.2. Free shrinkag~ strdin re,ults for mortar ,~im,*s cured for a p.lriod of 7 days. 
4.2. 1.2 !,:ffect of curing 
Figures 4.3(a) to 4.3(e) preseut the results oft"" influence of curing on fre~ mrinhlge ,train of 
mortar specimens. It i, observed that incre~se in curing period. from 2 days to 7 days. ddays the 
early shrinkage strain by 5 days. Further. it is observed that 7 day curcd specimen, recordod 
higher values of later .hrinkage strain than 2 day cured specimt.'T1'. This is unusual. It is genera!!y 
accepted that curing r~dl1Ces the shrinkage ,train of concrL'Ie. see West e/ at. (2010). Deshpande 
4!1 al. (2007) and Nantung (2011). No explanation could be found lor the observed increase in 
shrinkage strain with increa,e in curing period. The ACI Commi1\ce 364 (2006) note, that curing 
delays mo;,ture evaporalion and its associated drying shrinkage but does not reduce the overall 
,hrinhlge strain. In bonded overlay', both a delay in shrinkage and reductiOll of overall 
shrinkage strain would be beneficial for overlay crack resistance. 
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f i~urc 4.J: Effect of curing on free ,hriJlb~~ ,lrJin or 11H.-I",- ;.peeLm"",_ 
4.2.2 T(n~ile strength 
Direct uniaxial tensile strength lest8 were carried out by subje<-1ing dog bone sp"cime[]" to 
increasing tensile stress until failure. The Zwick Roell Z020 Testing Machine was lIsed for 
calTying out these tests as dctailed in Section 3.3.2. These tests were conducted at ages 2, 7. 14. 
21 and 28 day.> of concrete. Due to the holding mechanism for the specimens in the testing 
machine, not all specimens cracked in the prismatic section. Approximately, three 'luartcrs of the 
lotal number of specimens cracked in the prismatic section. The rest failed dlle (0 cracking below 
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the tapered or within the gripping jaw~. This was a~ a result o[high ~tre~~ concentrations at those 
points within the holding m<Xhanism. Thi~ also illuslmtes the difficulty associated with carrying 
out direc( tension tests. as pointed oot by Neville (1996) and Mehta & Monteiro (2006c). The 
direct l<:'1lsi<m (est was preferred in this study because indirect tension strength tests such as the 
""Iitting tension test tend to overestimate the k'llsion str~'1lgth of concrete. Figure 4.4 shows 
typical dog bone ,pecimens cracked at prismatic and rlOn-prismatic sections. Threc (3) 
SJ}~cimens were tested per each tensile strength te;.t, and results arc given in Appendix C. 
Figure 4.4, Specimens ,howing tlw mode 0{ failure in Ihe direct \<.'11$ioo leSts. In fronl, is a specimen 
cracked a\ the prisrna\i<: ..,ainn, and at the back is a Specim<."!l cracked al a l-.ln.-prismatic s..-:clion. 
4.2.2. 1 Effffl OfmiI type 
Figure 4.5 shows the tensile strength across the different mixes for sp"'-'irnens subj<:'Cled 10 2 days 
curing. From the figure. wic - 0.45 mix and Sika 615 had the highest 28 day I~nsile stn.'ngth o[ 
4.3 MPa and 4.2 MPa, respectively. This was jhl10wed by wic - 0.6 mix with a tensile strength 
of 3.5 'MPa. Sika 612 had a tensile strength of 2.7 MPa. while Sika LW recorded the lowest 
tensile strength of 2.5 /I.1Pa. Sib 612, a fiber reinforced mortar containing silica fwne. recorded 
the lowest tensile strength both at ages 2 and 7 days. Nevertheless, its tensile s\l'cngth met the 
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manul'octurer's sped/led strength at 28 days of 2.5 MPa as given in Sib MonoTop 6 12 Data 
Sheet (2008). The other tensile strengths lor Sika 615 HB and Sika LW could not be verified 
because they were not given in their respective data sheets, Comparing GIlly the laboratory mixes 
i.e. wlc = 0.45 and wic = 0.6 mixes. wle = 0.45 mix recorded a higher tensil e slIength as can be 
expected due to its lower water-cctnent ratio. It is alw observed that of the repair mortars. only 
Sib 615 HB had a higher tensile strength than the laboratory madc mixes at any particul.r age. 
I 
" I 
I <0 
I n 
da}' cured 
c 
, 3,0 
" ~ " 
• 
" " 
Sib lW 
wi' - O,G 
" '~ 
" 
• 
li k" G15 
• " w/, T 0.4S 
" 
0; 
"' 2 day, 7 day' 23 day, 
Figun ~.5: Tensile srrength tests of 2 d"y cured specimens , 
Results lOr the 7 day cured specimens shown in Figure 4.6 indicate a similar order to th~ one 
observed for the 2 day cured specimens. Once more wic = 0.45 mill: rewrded the highest 28 da y 
tensile slIcngth, tollowed by wic = 0.6 mi~ and Sib 615. Though in thi8 case. the difference 
between the top two Was quite 5ub8tantial with wlc - 0.45 mix having 30~. m[)re strenb1h than 
wic = 0.6 mix. Sib 612 had the l[)wcst tensile strength at all ages. 
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' " t-----------:--. ---- 7 day cured 
-
::; ,.0 '--- -------------
" , ill ,i" 612 
~ po j-- --cf-. 
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" '~ 2. 0 +---: 
-
w/c = 0. 6 
' .0 
7 day, 14 day, 2H d,w 
~----~------~-----
Figur~ 4.6: Tensile strength te'ts of 7 day cured spcdmens_ 
4.2.2.2 Effect of Curing 
The effect of curing on the 28 day ten,il~ strength of the repair mortars is shown in Figure 4.7. 
As e~pected. an i"creas~ in strength with increased curing period was observed in the laboratory 
made m;J<es. The m;)!: with the low~r water-to-cement ratio i.c. wlc - 0.45 had the larger increase 
in tensi le strength ofabau! 23% oomparcd (0 w!c - 0.6 with an increase of about 10"10 . A strange 
behavior was observed in the commercial mortars. The tensile strenglh either stayed the same or 
decr~a,ed with an increase in (he curing period. This seems to suggest thai ~uri ng has no effc~t 
on the tensile strength of the commcr~i al loortars tesled. However. this could also he as a resull 
of the large scatter oh,~rved in the resulls oflbe 7 day cured specimens (see figure 4.7). 
Un
ive
rsi
ty 
of 
 C
ap
e T
ow
n
'0 t------------
~ 
• 
!;:10 t----~ 
• ;;; ".0 
• 
'" 
,i •• lw 
-----
;1 •• 615 we = 0.45 
Cllapu r 4' Experimental ReJuils & DiJcu ,s;o<18 
28 days strength I 
--- I 
we = 0.6 
---' 
Figure 4.7: Effect <>I' curing OIl 2R days lensile strength of repair mortaTi. 
4.2.3 Ela~tic modulus 
Tile elastic modulus is defintXi as Ih~ slope of the str,,"s-strain curv" within Ih" proportional limit 
of a material. Elaslic modulus values were calculated from th" gradient of the tangent modulus of 
the stress-slIl1in curves. The tangent rnodulus was calculated from stress-slrain curves ohtained 
from compressive strength ttlSl~. ComprtlSsi ve strength tests were used instead of ttlnsile strength 
tests in obtaining the tang<c"'! modulus hocause of the difficulty involved in hand ling and 
attaching ;1rain targ~IS on tender dog bone specimens. For normal concrete. the modulus of 
elasticity is generally taken to be equal filr both in tension and compression (Neville, t9%; 
Mehta & Monrciro, 2006a; Ah';and", & Beushaust.>Jl, 2(09). Ela~tic modulus Was detennined filT 
each mix at ages 2. 7, 14,21 and 28 for the 2 day eured specimens, and at 7, 10, 14,21 and 28 
days for the 7 day eured specimens. Three (3) specimens were used per each elastic modulus test, 
and results arc givcn in Appendi:o:: C. 
4.2.3.1 Eff~ct of mix t)-pe 
Figure 4.~ shows the results of elaslic modulus ttlSl~ filr 2 day <c'Ured specimens aclOSS dify..,rent 
ages for the differ"nt mixes. The values obtained for clastie modulus g<.>Jlcrally lie in the expected 
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range of elastic moduli for concrcte mortars i.c. in thc rangc 5 GPa (0 30 GPa. Sika 615 had (hc 
highest 28 day elastic modulus (29.6 GPa), followed by w/c - 0.45 mix with 26.5 GPa and Sika 
LW with 25 GPa. Sika 612 record"" the lowest clastic modulus test acmss all ages. Th~ 28 days 
clastic modulus of Sib 612 (11 GPa) was way helow the stat~d elastic modulus on the 
mllllufac[urcr's data socet (Sika MoooTop 612. 2008). It is also ohserved from figure 4.8 that [he 
clastic modulus ofSika 615 develops much faster than that nfthe other mortars. Sika 615 has an 
clasti~ modulus of about 50"10 of its 28 days modulus at age 2 days. while the other mortars at 
ag~ 2 days havc clastic moduli less than 25% of their 28 days moduli. An early increase in elastic 
modullL' may rcsul! in high tensile Slrcss which may result in cracking if it cxcceds thc tensile 
strength of the material. 
" 
;c 
~ 25 
" 0 
, ?~ 
, 
~ 
I t 5 
.~ 
• 
• 
" 
, 
" , dol" 7 day, 
Figure 4.8: Rla,tic mOOuill.q tem (If 2 day cured specimens. 
2~ d.y, 
2 day cured 
, SlbLW 
~ wlc 0.6 
y wl< - 0.45 
I Slko615 
Figuno 4.9 pl'cS<-'Dts the elastic modulus result~ for 7 day cured sp""imens. The 7 day cur~d 
specimens sccm to follow a similar 'mkr as the 2 day cured spe~imens, with Sika 615 having the 
highest elastic modulus. Sib 612 had the lowcst clastic modulus al all ages. Comparing 
labmatmy made mixes alonc. wlc - 0.45 specimens had higher elastic modulus values than wic 
~ 0.6 specimc!l5 at all agcs. 
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Figure 4.9; Elastic modulus lem of7 day cured specimens. 
4.2.3.2 I::llrct {If Curing 
28 days 
7 day cured 
.Sih612 
·., SihLW 
- w/c-O.6 
" wlc - 0.45 
s Siko 615 
The CfIccl of curing on the 2~ days elastic lrK><lulus of the repair mortar. i. shown in Figure 4. 1 O. 
An increase in elastic modulus with increasoo curing period was observed in the laboratory made 
mixes. There was 00 detectable influence of curing on the 28 days elastic modulus of specimen" 
made with the commerciallnortarn, Change in elastic modulus wilh increasing curing period for 
the 0Ommerciai 11l<Jrtars was less than 1 GPa. which appears insignificant due to the large scatter 
observed in (he results. 
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Figur~ 4.10: Effect of curing on 28 day:; elastic rnOOulU5. 
wc - 0,(' 
~ 2 days oured 
. 7 days cured 
Ten,ile relaxation j, the lime dependent reduction in stress under a sustained strain. Previous 
research (Masuku, 2009: Bcushauscn, 2005: Pigeon el "I.. 2000: Morimoto & Koyanagi 1995) 
ha, shown thaI relaxation is "ne of the main ,tress relief mechanisms against restrained 
shrinkage cracking. Therefore, in order 10 capture the dIcel or stress relaxation at an early age 
relaxation tests were carried out al ages 2 days and 7 days of mortar specimens. Also. tests were 
carried out at 28 days '0 as to capture the influence of relaxation in older ,pocimens. The 
inllucnce of curing-p<.'Tiod was investigated by subjeding specimens to two curillg regimes. viz. 
2 days and 7 days curing-periods. Relaxatioll tests were carried out fnf each mix at ages 2, 7 and 
28 days for the 2 day cured specimen, and at 7 and 28 days lilr the 7 day CLJred specimens, Thcse 
tests were carried out on dog bone specimens as detailed in SeL1ion ),3.3, Tensile relaxation 
values are given as the difference between 100"10 and the percentage ,iress ratio, A l'll'ical 
relaxation curve is given in Figure 4.1 L Note that relaxation tests were carried out for 72 hour 
periods as pointed oul in Section 3.3.3. Two (2) specimens were used p<-'f each tensile rcilualiun 
leSI, and results arc given in Appendix C. 
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4.2.4.1 Effect of mix !)[>e and age at loadin~ 
Results for tensil~ relaxation ofsJl<'Cimens curoo for 2 day" are shown in Figure 4. 12. Sika 612 
specimens showell !h~ highest margin of tCII"ile relaxation at all ages compared to the other 
mortar specim~lIS. 58% tensile relaxation was recorded in Sika 612 at !he age or 2 days as 
compar~d to 460;.. 44%. 40% and 34'l1o recorded in 0.6 mix. Sika LW. 0.45 mix and Sika 615. 
reS!"'ctivc1y. A similar trend is obs~rved at 7 days age of loading. with Sika 612 s!",cimcns 
having the highest margin of relaxation and Sib 615 spccimc1\8 recording tm, lowest value. At 
28 days age of loading. Sib 612 undergoes the same margin of relaxation as the 0.6 mill;. It is 
observed that the margin of tensile relall;ation decreases with an incmase in age at loading. 
Younger specimens seem to undergo higher margin" of rdaution than older s])\'cimcns. This is 
consistent with the lindings by Masuku (2009) thai tensile relaxation decreases with an increase 
in age at loading. Relaxation reduces with increasing age because relaxation is dependent on the 
degree of hydration (Neville. 1996). Hydration is initially rapid but reduc~s !,<radually with tim~ . 
According to Rusch (It ai, (1983), at later ages concrete would 00 mom matur~ and lherefor~ less 
,ap~ hi ~ of llndergoing sign ificant relaxation. 
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Chapt~r 4: bpen'mental R~sults & Discus.ions 
2 da)' cured 
• Silq 615 
'~ w/c = 0,45 
= SikalW 
. w/c.O,6 
II Silq 612 
Age (day'l 
Figu..., 4. 12; Tensile rel'XlItion reoult> of2 day cured specimens. 
Figure 4.13 present~ th~ relaxation values for ,pecimens ~ured for 7 <lays. At 7 days age of 
loading. Sika 612 had the highest margin of tensile relaxation. Again a similar tren<l to the one 
observed in 2 day cured ~pccim""s is obs~rved, with Sib 612 having the highest relaxation 
margin (48%), followed by 0.6 mix (380/0), Sika LW (36%), 0.45 mix (35%) an<l Sib 615 
(3'%). The age dependence of relaxation is again observed in Figure 4.13, with high~'1" relaxation 
values recorded at 7 days than at 28 day~ ag~ of loading. Considering laboratory mixes alooo, it 
is observed that ten~ile relaxation i~ dept.'1ldent on water-to-cement (w/c) ratio. 0.6 wic ratio 
specimens had higher relaxation "Values at all age~ compared to 0.45 w/c ratio spt.'Cimens. This 
may he attributed to the porous nature 0[0.6 wlc ratio specimens. Genera lly, high w/c ratio mix 
''jlecimcns tend to be more porou~ than low w/c ratio specimens. The porous nature of high wic 
ratio mix ~pccimens enables froo movement of water through the pore spaces, and this result in 
sufficient redistribution of stresscs (Rusch er aI. , 1983). As a resu lt greater tensile relaxation i~ 
achieved. 
The above relaxation values, 34% _ 58% for 2 day cured ~pcciTllL'1ls and 310/0 - 48% for 7 day 
cured specimcns. are in agreement with the rdaxation values found by Masuku (2009). Masuku 
tested specimcns made with wic = 0.45, w/c - 0.6 and Sika LW. and found relaxation in the 
range 20"10 to 45%. These values all fall within the range of tensile relaxation values reponed in 
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literature see Yokoyama et at. (1994), Gutsch & Ro,la,y (1 995) ami Ak.wnd~r & BL"U, imu,,,,, 
(2006) . 
. 1.1 
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'" ;, , 
• j ~ ; C " • 
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, 
" 7 doy' 28 day' 
Figure 4.13; Tensile reJa~~t;on results of 7 day cured .<pee; mens 
7day cured 
," wi' = 0.4'; 
~ Sik.1 lW 
w/c = O.f 
Ii S,k. 612 
Dq)cnding on the age of loading. tensile r<'laxation will reduce overlay stresscs by approximatdy 
20-580/0 (2 day cured specinrens) and 20-48% (7 day cured specimens) in mixcs tested. Mru",ku 
(2009) carried out tensile relaxation tests on ~oncrde mortar spedmens and found th~l stress 
relaxation relieved overlay stress by 33-450/0 for 2 day cured sp<:~ im eIl.'i and 23-26% 10.- 7 day 
CI,IrI:d specimens. Beushausen (2005) reported 40-50"/0 stress relax~tion in actual bonded 
COocretC overlays. PigCOlJ. el al. (2000) lOund rcl axation in fully restrailled specimens in the order 
of 67%. Morimoto & Koyanagi (1995) observed 20"10 relaxation after % hours. Thesc findings 
show wide mnging differences in rel~xation. Thcreforc it is noteworthy that a general 
comparison of rel~xation values obtaincd using different concrde mixes and test "'Iuipmem is 
problematic, 
4 .2.4.2 Effect or Curing 
Figurc, 4,14(a)-4.14(c) show the effect of curing on tensile relaxation of coocrde mortar 
specimens. There is an observed iocreasc in tensile relaxation valucs with incrcased curing 
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period but due to the I~rge scatter in the results, this cannot ~ affimloo_ It ap~ars curing has no 
real influence on tensile relaxation of the repair mortar ,~~imen' 
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Compressive strength tests were ca!Tied out on 100 mm ~ubcs as detailed in Section 3,35. These 
test, were conducted at the age of 2, 7, 10, 14, 21 and 28 days. Compressive strength tests were 
conducted for the purpose of material characterization only, This is because with respect to 
cra~king, the tensile strength of the material is more important thllll the compressive strength 
(S""ti,,,, 2.8). Four (4) specimens were used per each compressive strength test. and results are 
giveJ1 in Appendix C. 
" t-------------------------""" 
.O +-------------T 
• 
• Si'a 612 
c. 
;;: .. 10 +---- < w/c>0.6 
l 
'" 20 +----i'Y 
" w/c' 0.45 
o 
2 d.v' 14 day< 28 day; 
Figure 4.IS: Comparison ofcOTTlpr<ssive strength (lCl"O<" the different mixe, at age, 2, 7, 14 and 28 days. 
Comparing the compressive strength values of the dift\:rent mixes in Figure 4,15, it is observed 
that w.le - 0.45 mix and Sika 615 had the highest 28 day compressive strength, while Sika 612 
had the lowest value. Ihe low~st strength of 10 MPa for Sika 612 was about 20"10 oftha! of the 
0.45 mix (49.8 MPa) at 28 days. It is also noted that the rate of strength gain was highest in Sika 
615, wh i~h had attained about 67 % of its 28 day compressive strength in just 2 days. Thi, was 
by far greater than the 25%, 26%, and 380/0 aUained by Sika LW, Sila 612 aad w.le - 0.6, 
rcspe<;!ivcly, at 2 days. The 28 days wmpre,sive ,!renb>th ofSika 612 (10.6 MPa) was less than 
the values (45-55 MPa) ,rated on the manulacturer's data socet (Sika MonoTop 612, 2(08). 
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4.3 Ring IHI results 
Ring ksts were conducted to determine both lh~ age at cracking and c;<;tcm of cracbng (crack 
ar~a) in concrete repair mOrlars as detailed in Section 4.3.1. Agc at cracking refers to thc age of 
the specimen when cracking initiates. Bxtcnt of cracking was evaluated by calculating the total 
cracked area of the specimen two w~eb after crack initiation, Crack area was calculated by 
multiplying the avcragc width of the cracks by the total length ofdle ~ra~ks. The age at cracking 
and the crack area were used in the evaluation of performance of the repair monars. Figure 4,16 
shows a Iypical cracked specimen. The influence of curing-period was also investigated by 
subjecting ring specimens to 2 days and 7 days curing periods, The following sections 
summarize the r~sults from lhe ring te"t. 
Flgu,"" 4.16, Typical crade in ring speGimens. 
~.3. 1 Age at cracking 
Figure 4.17 shows age at cracking r<'Sults for both 2 day cured and 7 day cured specimens. 
According to the figure. Sika 612 takes the longest time to crack (13 days) tollowed by w/c - 0.6 
(10 days), Sib LW (7 days), w!c - 0.45 (7 days) and Sika 615 (5 days) for 2 day cured 
Un
ive
rsi
ty 
of 
 C
ap
e T
ow
n
Chapter 4: Experimental Results & Discussions 
specimens. Sika 612 took the longest time to crack probably because of its high margin of tensile 
relaxation, as well as low elastic modulus compared to the other mortar specimens. This is 
despite the fact that the highest free shrinkage strain was recorded in Sika 612 among the 2 day 
cured specimens. It appears the effect of low elastic modulus and high margin of tensile 
relaxation more than compensates for the effect of high shrinkage strain. Despite Sika 615 
recording the lowest free shrinkage strain (together with w/c = 0.6), it took the shortest time for 
cracks to initiate. This may be because of the high values of elastic modulus and low margins of 
relaxation recorded in Sika 615 specimens. It is also interesting to note that Sika 615 specimens 
cracked first despite them recording the highest tensile strength (together with w/c = 0.45) of the 
2 day cured specimens. Comparing the laboratory mix specimens, it is observed that w/c = 0.6 
cracks at a much later age (10 days) than w/c = 0.45 (7 days). This may be attributed to the lower 
free shrinkage strain and higher relaxation margin recorded in w/c = 0.6 specimens than w/c = 
0.45 specimens. In addition, w/c = 0.45 specimens had higher elastic modulus than w/c = 0.6 
specimens. The combined effect of the above factors seems to have more influence than the fact 
that w/c = 0.45 specimens recorded higher tensile strength than w/c = 0.6 specimens. 
For 7 day cured specimens, a similar trend to that observed for 2 day cured specimens is also 
observed. Once more Sika 612 recorded the longest period (16 days) to crack initiation followed 
by w/c= 0.6 (13 days), w/c = 0.45 (10 days), Sika LW (9 days) and Sika 615 (9 days). Interesting 
to note that Sika LW and Sika 615 specimens had the same age at cracking despite them having 
different material properties. Sika 615 had higher elastic modulus and tensile strength than Sika 
L W, while Sika L W underwent higher degree of relaxation and higher shrinkage strain than Sika 
615. This suggests that crack resistance of repair mortars depends upon the combined influence 
of a number of factors other than just one factor. This agrees with Pigeon & Bissonnette (1999) 
who noted that crack resistance of concrete repair mortars is not just determined by one material 
property but the combined influence of various material properties and parameters. Figure 4.17 
also shows the influence of curing on the age at cracking of repair mortar specimens. It is 
observed that an increase in curing period results in an increase in the age at cracking for all 
mortar types. Generally, this may be attributed to the increase in tensile strength with an increase 
in curing time. Curing may help in delaying the onset of cracking in bonded overlays. 
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.sib I,,· 
~. sib 61 S 
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, "'" O,~ 
Ii ,ib611 
Figure 4.1 7: Result, for age "I cmckin" rc" booth 2 d,,}, and 7 day ouroo 'I",oimc", 
4.3.2 Crack ar~a 
The results o!' crack an;a are shown in l'igute 4.1~. Sika LW re<:CHded the hi ghest crack area for 
both 2 day and 7 day ~lI[~d ,p~cimL-ns, lol1ow~d by Sib 615. In both instance<. Sika 612 
recorded the lowest crack area. Ba,eel on r~sll!ts in Fil!ur~ 4.17 and Figurc4.1~. there appe~ts a 
corrclatic'n between crack area and the ag~ al ~ra~kinl! (~"dl1lling reslIlls for wic - 0.6), Mortar 
specimens lh~t cracked first had a higher ~ra~k ar~a than mortar sp<ocimrns that cmcked m ~ 
rnuch later age. see Figure 4.19, 
000 
'00 
~,oo 
"E 600 , 
_ ,00 
~ 400 
~3oo 
; 00 
'00 
o 
2 d.y> ( ured 7 day; cur~d 
"'. ,ik.615 
we = 0,45 
- wc=0,6 
-------
Figure 4.18: fI..,u!!, fur crack area lor both 2 day cured ami 7 Jay ~un:J ,pe~i m<;ns . 
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Figu re 4.19: Croc~ "rea H. J~ at cracling in ring INI spc<;i mcn. 
4.4 Bonded overlay re~ulh 
Bonded o,-crlays were cast ()~ beam specimen~ as detailed in Soction 3.3.7. The mam ailn ,"ia" 10 
dekrminc the age at cracking and crack area ()f the different repair moria" ,,,etl m Ihe research. 
Age at cracking refer; ll> the age ()f tfle o;pocim~n when cl1icking inilial~'S. Rc,ullS from oontlcll 
overlays woult! enable all evaluation o1'riog test rewlts (i.e. age at cracking) and also lh~ r",ulls 
from mlalyllcal modeling (Chapter 5). Figtlt"e 4.20 shows an example oj' cracked h(mded overlay' 
specimens. In ()rder 1l> investigate the effect of ell.-in!;, Ixmded ()VerlaY' specimen, were 
o;ubjected to two ewing regimes viz. 2 day at>d 7 day curing. The tolh)wil1g secliol1~ give the 
resulls Ii-om the o,'crlay tcsts. 
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Fig",.. ~.211: I'Yl'lL:!1 co'ads 011 bonded owr1ay specimens, 
4.4.1 Age at crackillg 
Age at cracking for both 2 day and 7 day cured ~peeim~'Tl~ is given in Figure 4.21. For 2 day 
cured specimens. Sika 612 took the longest time to crack (24 days) followed by wlc = 0.6 (17 
days). wle - 0.45 (15 days), Sib 615 (14 days) and Sika L W (l0 days) , A similar order in age at 
cracking is obs~'TVed in 7 day cnred specimens, with Sika 612 recording the longest time to crack 
initiation. Sika LW had the shortest time to eracIJng in both instances. As pointed out earlier, the 
large margin of ten!;ile relaxation and low values of elastic modulus in Sib 612 are probably 
responsible for its long period to cracking. Tensile relaxation appears to have a very big 
influence on agc at cracking. Both Sika LW and Sika 612 had very high values of free shrinkage 
strain and low values of tensile strength. yet Sika L W recorded the shortest time to cracking 
while Sib 612 had the longest time to cracking. The possible explanation cO llld be the fact that 
Sika 612 lInderwent relatively higher margin of relaxation than Sika LW (see Section 4.2.4). 
These results arc in agreement with the finding. by Pigeon & BissOIUlette (1999) and Weiss c/ (11. 
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(1998) who found that the response or thin mcriays TO drying shrinkage is highly influenced hy 
the (ensile creep capaci(y of (he repair ma!etiaL 
Figure 4.21 shows thaI there is an inGr~as~ in age a( cracking with increased curing period. There 
was 1111 increas~ in age at cracking of 4 days (Sika 612), 3 days (wlc - 0.45) and 2 days (w/c -
0.6\. Sika LW and Sika 615 recorded no changes in ag~ at cracking with increased curing time. 
For the laboratory mixes, this may be attributed to Ih~ increas~ in tensile strength with curing 
period. Also the incr~ase in tensile relaxation with curing duration (Section 4.2.4.2) may have an 
int1ueJICe. 
" t-----------CCC------------
'0 j----------
7 day, eur.d 
Flguro 4.21: Result!; for age at cracking in honckd overlay, . 
4.4.2 O'ack area 
_ <i'a I" 
... ,;~a615 
= ,.-e - 0.45 
" wc - 0.6 
" sila 61 2 
Th~ results of crack area are given in Figure 4.22. According to the figure, Sib L W recorded the 
highest crack area folk}wed by Sika 615, wlc - 0.45, Sika 612 and wlc = 0.6. Curing does oot 
seem to have a specific innu~nce on crack area because a reduction in crack area (Sika L W. Slka 
615 and wic - 0.45) and an increase in crack area (Sib 612 and wic - 0.6) with increased curing 
lime were observed. The mortar specimens thai had low values of age at cracking (Figure 4.21) 
recorded the highest crack area excepl Sib 612 and wlc - 0.6. see Figure 4.23. 
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4.5 Conclusion 
Crack resistance of concrete repair mortars depends upon the interaction of many factors. To 
understand how these factors influence cracking of repair mortars/overlays, material property 
tests were carried out and results discussed in the preceding sections. In addition, the age at 
cracking and extent of cracking (crack area) were also determined using the ring test and bonded 
overlays. The following conclusions can be made based on the results and analysis presented in 
this chapter: 
• Shrinkage alone, in spite of it being very important, does not determine the cracking 
behaviour of bonded overlays. Both Sika L W and Sika 612 had very high values of free 
shrinkage strain, yet Sika L W recorded the shortest time to cracking while Sika 612 
recorded the longest time to cracking. This suggests that crack resistance of repair 
mortars depends upon the combined influence of a number of factors other than just one 
factor. Also Sika LW and Sika 615 specimens had the same age at cracking despite them 
having different material properties. Sika 615 had higher elastic modulus and tensile 
strength than Sika L W, while Sika L W underwent higher degree of relaxation and higher 
shrinkage strain than Sika 615. Cracking behaviour of repair mortars depends upon the 
combined influence of shrinkage, elastic modulus, tensile relaxation and tensile strength. 
This agrees with Pigeon et a/. J (2000), who noted that crack resistance of repair mortars is 
a combined influence of various material properties and parameters. 
• Tensile relaxatio  is correlated to age at cracking. Depending on the age of loading, 
tensile relaxation will reduce overlay stresses by approximately 20-58% (2 day cured 
specimens) and 20-48% (7 day cured specimens) in the mixes tested. These values seem 
to be in agreement with published literature (Masuku, 2009; Beushausen, 2005; Pigeon et 
a/. J 2000). The degree of tensile relaxation depends upon the age of loading. High values 
of relaxation were observed in younger specimens than in older specimens. 
• An increase in curing period was observed to delay the onset of cracking in both ring test 
specimens and bonded overlays tested in this study. This was attributed to the effect that 
curing had on free shrinkage strain and tensile strength. In addition to delaying free 
84 
Un
ive
rsi
ty 
of 
 C
ap
e T
ow
n
Chapter 4: Experimental Results & Discussions 
shrinkage strain, curing was observed to increase the tensile strength of the repair mortar 
specimens. The combined influence of these factors appears to override the. effect of 
increased elastic modulus with an increase in curing period. 
A comparison of results from the ring test, results of the bonded overlays and also of the 
analytical modeling of age at cracking is done in Chapter Five. 
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CHAPTER FIVE: ANALYTICAL MODELING OF RESULTS 
5.1 Introduction 
This chapter presents an analytical method used in predicting the age at cracking of the bonded 
overlays used in the study. The chapter starts off by giving the theoretical basis behind the 
analytical method, and also the different assumptions made regarding the parameters used in the 
analysis. Also a comparison of results between the results from the analytical method to the 
results from the bonded overlays and the ring test is made. This comparison makes it possible for 
the research question to be answered. The chapter closes by summarizing the main conclusion 
drawn from the comparison of the different results. 
5.2 Basis for the analytical modeling approach 
The analytical modeling approach used in this study is based on the time development of the 
relevant material properties from the time curing is discontinued. Figure 5.1 shows a schematic 
of the main idea behind the approach. The tensile strength, the elastic stress resulting from 
restrained shrinkage and the stress remaining after tensile relaxation are all plotted against the 
age of concrete. The point on the graph at which the elastic stress exceeds the tensile strength 
depicts the age at which cracking would occur if the effect of stress relaxation were ignored. 
However, due to tensile relaxation of the material, the elastic stress only exceeds the tensile 
strength of the material at a later age. Hence, tensile relaxation imparts stress relief to the 
material which helps in delaying the age at cracking. The elastic stress remaining after the effect 
of tensile relaxation is deemed the remaining stress, and the point on the graph at which the 
remaining stress exceeds the tensile strength of the material depicts the predicted age at cracking 
of the material. 
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I 
Curing .! Tensile strength Of concrete Elastic tensile stress Relaxation 
/,'--
, 
I ---..... .--~.~ .... .;:..-=:.--_---- ----;~::..:.-.;:-.-.. i \ 
'-"/'f ' ~:::;' 
'I Tensile stress 
after relaxation 
Age at loading Age at which 
cracking develops 
Age 
Figure 5.1: Schematic of the main idea behind the analytical modeling of age at cracking in bonded 
overlays 
Since there was no direct method of measuring the elastic stress in the material, the elastic stress 
had to be estimated from the product of the restrained shrinkage strains and the modulus of 
elasticity of the material. The analytical modeling procedure, therefore, involved estimating the 
time development of the elastic stress and comparing it to the time development of the tensile 
strength of the material. To estimate the time development of the elastic stress, a step-by-step 
method was employed. This method involves dividing the total time into a number of intervals, 
and then calculating the stress increment resulting from the change in shrinkage strain in each 
interval. The principle of superposition which states that ''the stress produced by a strain 
increment applied at any time to is not affected by any strain applied either earlier or later" 
makes this possible (Gilbert, 1988; Ghali et al., 2006). 
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Shrinkage 
Time 
Figure S.2: Time-varying strain history. 
Thus, according to the principle of superposition, the elastic stress CTt in concrete at any time tt 
subjected to a time varying strain history like the one shown in Figure 5.2 is given by, 
where CTt = stress at time tt 
CTt-l = stress at time tt-l 
[5.1] 
dEi = change in shrinkage strain in the interval tt-l - tt 
Et = mean elastic modulus in the interval tt-l - tt 
For the continuously varying strain history shown in Figure 5.2, the strain increment which 
occurs during the i-th time interval, dEi, is assumed to be applied at the middle of the interval. 
The mean elastic modulus is also taken at the middle of the interval. The above procedure can 
also be used to estimate the remaining stress iil i.e. the stress remaining after accounting for the 
effects of tensile relaxation. This is achieved by introducing a relaxation factor..pi , and rewriting 
the above equation as follows, 
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al = remaining stress at time ti 
ai - 1 = remaining stress at time ti-l 
~Ei = change in shrinkage strain in the interval ti-l - ti 
Ei = mean elastic modulus in the interval ti-l - ti 
[5.2] 
tPi = factor accounting for the magnitude of the mean relaxation in the 
interval ti-l - ti 
The relaxation factor tPi is also calculated at the middle of the interval, just like the elastic 
modulus. The calculation of the elastic modulus and tensile relaxation are discussed further in 
the next section (Section 5.3). The calculated elastic stress and the remaining stress, together 
with the tensile strength of the concrete, are then plotted against time (concrete age) to predict 
the age at cracking. The greater the number of time intervals, the more accurate is the 
estimations. According to Gilbert (1988), this method is perfectly general and can be used to 
predict behaviour due to any stress or strain history using any desired creep and shrinkage 
curves. 
5.3 Main experimental parameters 
The main experimental parameters used in the analytical modeling are the tensile strength, the 
elastic modulus, the tensile relaxation and the restrained shrinkage strain. Since these material 
properties were tested at specific ages i.e. at 2, 7, 14, 21 and 28 for 2 day-cured specimens and at 
7, 10, 14,21 and 28 for 7 day-cured specimens, regression functions were needed to interpolate 
values at the days when the properties were not tested. A literature survey (Straub, 1930; Meyers 
et at., 1970; Gilbert, 1988; Gutsch & Rostasy, 1994; Weiss et at., 1998; Masuku, 2009; 
Yoshitake et ai., 2011) indicates that different functions have been used in the past to model 
observed trends in concrete material properties. These functions have ranged from logarithmic 
functions, algebraic functions, power functions, exponential functions, hyperbolic functions to a 
combination of these. 
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Chapter 5: Analytical Modeling o/results 
Weiss et a/., (1998) used an exponential function (Equation 5.3) to obtain regression fits for 
elastic modulus of normal strength concrete. The shape of this equation was based on a form 
suggested by "Muller (1994), although it was modified so as to better correlate with experimental 
data. Figure 5.3(a) shows how this equation fitted with experimental data. Yoshitake et a/., 
(2011) used a hyperbolic function (Equation 5.4) in predicting the tensile modulus at early age of 
normal mortar. Their equation included two coefficients that accounted for the effect of water-to-
cement ratio and age of the mortar specimens. Figure 5.3(c) shows a fit of the equation with 
experimental data. Gutsch & Rostasy (1995) used an exponential function to model relaxation, 
while Masuku (2009) employed an algebraic function (Equation 5.5) in predicting long term 
tensile relaxation of mortar specimens. He investigated the effect of age at loading and mix type 
(see Section 2.4). The equation showed good fit with experimental data, Figure 5.3(b). 
Generally, the choice of a function used to interpolate time-dependent material properties with 
physically observed trends depends upon the experimental data. 
EtT(O = Ee * exp [A - (B/«(/ti)) 0.5] 
where EtT(O = elastic modulus from regression 
Ee = 28-day elastic modulus 
A and B = regression constants 
(= time 
ti = time of loading 
E (T) =4.~ + ZiT 
t W T+1.5 
h e. . were W = mverse water-to-cement ratIO 
T = time (days) 
wet) = 100 - Gt/GO = 100 - A· tCB} (%) 
where ",(t) = relaxation function 
Gt = stress at time t 
Go = initial stress 
A, B = empirical constants 
t = time (hours) 
90 
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Fignre 5.3: Moterio] pTUp<.Tly rcgrcosioo: (a) Elastk modulll<, aller 1.Vei" e/ uf., (1998); (b) T~ll Slk 
ldaxation, after Masllku (2009) mxl (e) Elastic muciulu" alkr Yoshitakc et ut.. (2011) 
In thi, study logarithmic based regression functions (Equation., _~_(,-5_~) were ll.,.>d a., they 
showed good fit with the experimental data. Curv~s obtained ]'rom th~se fUJl<;tiOils were used in 
tbe analytical modeling. Typical curves are shown III Figure S.4(a) for elastic modulus, Figure 
5.4(b) for (ensile strength and Figure 5_4(c) for ten,ile relaxation. The re,t orthe Cllrv~' are given 
in Appendix A. 
E,(lil - Aln{t!l + B 
I"-i(li)=[ In{tiJ+D 
l3,(ti)-N In(trJ t M 
<)] 
l5 .6J 
[5.7] 
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where [;'i(t;) - mean clastic modulus in the interval t i _ 1 - Ii 
fii(ta = mean relaxation in the lllt~ryal t i _1 - tl 
Fyi(t i ) - tensile strength at time ti 
A, H, C, D, Nand 1\·f = C(~lstanl' dep~l)(]ing on r~gression analysis 
• 
• 
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Y .'10'01liil.FSl.~ i 
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o , 
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t 
~ 1.5 
, 
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I 
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(b' 
l' 
L5.9J 
t'ig"re 5.4: Matc-n ai property regr=iOll curves for 2 daY" cured Sib L,V: (J) El"oli~ modulus. (bJ 
Tens ile strength, "nd (c) h.",ik rciaxalioll 
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5.4 Assumption!! made regarding the main p'lramder~ 
In order to simplify th~ prediction of age at cracking in bonded overlays. a number of 
assumptions regarding the material properties and other factors had to be made. These 
a"wnptions are necessary because a lot of factors affect the crack resistance of overlays in a 
cOlnpln way, and it is not possib le to account for all the possible effects. The following sections 
give the main a,sulnptions taken in the analytical modeling of age at cracking. 
5.4.1 1\0 shrinkage duri ng ~uril1g 
To facilitate caiL"ubtion of stresses resulting from restraint. shrinkage is assumed to occur only 
from the period after curing. Th is may be represented as in Figure 5.5. 
Shrinkage 
Curin~ __ 
l'I'riod 
C .. 1inll 
t"igUN: 5.5: Schemat;" showing oomn"""Cemelll of shrinkage. 
During curing, shrinkage may occur due to autog~nous shrinkage. However, Alexander (2001) 
state, that shri[]kage during curing is noteworthy particularly in con<:rete with a low wlc ratio 
(i.e. <0.40). which is not appreciable for the majority of mixes used in practice. Therdor~. in this 
slUdy it is assumed that tbe autogenollS shrinkage that occurs JUling curing is negligible. And 
that no plastic shrinkage occur, during curing. A more sophisticat~d approach however. should 
consider autogenous shrinkage effects. 
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5.4.2 Tensile relaxation is instantaneous 
Previous tensile relaxation studies (Masuku, 2009; Beushausen & Alexander, 2006; Harimoto & 
Koyanagi, 1994; and Gutsch & Rostasy, 1994) have shown that a large amount of tensile stress 
relaxation takes place at early ages of loading. The above authors found tensile stress relaxation 
to develop rapidly after loading. Relaxation results obtained in this study confirmed the fmdings 
above (Section 4.2.4). 
Stress relaxation develops at a much faster rate than stresses resulting from ongoing overlay 
shrinkage. Therefore, in order to facilitate analytical modeling of overlay stresses, it appears 
appropriate to account for overlay stress relaxation in a simple manner. For the analysis of 
stresses it is assumed that tensile stress relaxation occurs instantaneously after loading (Figure 
5.6) (Masuku, 2009; Beushausen & Alexander, 2006). 
100% 
\ 
\ 
\ 
\ 
" PCt, to) , 
, 
, 
, 
...... 
....... 
actual stress relaxation 
assumed stress relaxation 
...... 
------
-----
t Time 
Figure 5.6: Schematic of simplified approach for the consideration of overlay stress relaxation. 
From Figure 5.6 the relaxation function may be taken as a constant value. In this case the 72 hour 
relaxation is taken as ultimate value and applied in the modeling. 
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5.4.3 Restraint is proportional to free shrinkage 
Previous research by Beushausen (2005), showed restraint in bonded concrete overlays to be 
roughly 60% of overlay free shrinkage (see Section 2.7.3). In this study restrained shrinkage 
strains are, therefore, calculated as 60% of the free shrinkage strains. Hence, in calculating the 
change in shrinkage strain 8ci (Section 5.2), a factor accounting for 60% is applied to the change 
in free shrinkage strain i.e. 
[5.10] 
where 8ci = change in restrained shrinkage strain in the interval ti-l - ti 
8 cFSS i = change in free shrinkage strain in the interval ti-l - ti 
5.5 Application of model 
In this section, the performance of the repair mortars is investigated using the above-mentioned 
method. Since specimens were cured for 2 days and 7 days, the model shows time development 
of elastic stress and remaining stress starting from the age of 2 days for 2-day cured specimens 
and 7 days for 7-day cured specimens. It is assumed that shrinkage induced stresses only start 
after the end of curing (see Section 5.4.1). The model shows the time development of tensile and 
remaining stress for a period of 28 days because material properties data for each mortar type 
(per curing regime) was taken for a period of 28 days. In addition, almost all the repair mortars 
cracked within a period of 28 days. The 28 days period was divided into 2-day time intervals to 
enable the calculation of stresses, as given in Section 5.2. Intervals of 2 days were chosen 
because they provided reasonable accuracy. 
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5.5.1 2daySikal,W 
Table 5. 1 shows the material propenies data ofSika LW specimens cured for 2 days. 
Tabl. 5.1: /.,.\oteri al prupen i~' r"r 2 do y (:un;d Sih LV .... " ",,"' m ~n', 
I Change in 
, 
, 
Mean T ensile Me"n Elasli~ Rem",,,,ng PeJ'i<.>{[ fl'e~ eJast;~ t~I1"I ~ 
(dilY") shrinb~e modltlu, sir"llgih rel axatiun stress sl"~ss 
strait> (10) [UPal r~ll'JI [0", J [ ~1I'J I [MI'~J 
. . ,. 
0·2 0.0 1.0 U 45,0 0.0 0.0 
24 260.0 4,0 1.5 41.0 0 ,6 0.4 
. . _- . 
4.6 250.0 8.0 1.7 36.0 1.8 1.1 
6·, 140.0 10.5 1.9 32.0 2.7 1.7 
. 
g- IO 130.0 12.0 2.0 29.5 , 3.8 24 
--
. 
10-12 I I 0.0 13.5 2.1 27.5 
, 
, 4.5 3,0 
--
12. 14 20.0 14.5 2.2 26.0 4.7 3,2 
14-16 20.0 15,5 2.3 24.5 4.' .n 
16·18 30.0 I i" II 2.3 23.5 5.2 .1,5 
18·20 8().0 170 2.3 22.0 58 4.0 
--
20·22 25.0 17.5 24 21.0 0.1 4.2 
22-24 S.O 18.0 24 20.5 6.1 4.3 
--
24-26 21J.O 18,5 25 19.5 6.3 M 
26·28 5.0 19.0 I 2.5 18.5 6.-4 4.5 
A plot of data given in Table 5.1 is shown in Figure 5.7. According to tile figure. ;t takes about 9 
days for cracks to initiate in Sib LW cured for 2 days, This corresponds to 7 days after curing. It 
is ohsoerved that t"nsile relaxation delays the onsct oferacking by 3 days. Sika LW cracks at a 
relatively young age of 9 days. Th is is li kely because the rate of increase in sh";nkage is higher 
t han the r~te of gain in tensi le strength, A comhined effect of increase in shrinkage and elastic 
modulus CauSeS a build-up of >hrinkage indueed stresses. Sinee tensile relaxation is not enough 
to relieve the resulting stresses, cracking results. 
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• 
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" t: 
• , 
" 
, 
• 
"' 
+-~ 
-t- ~--,.-, 
: t-
, , 
17 U 
Ago (day' ) 
Sika lW 
(2 day cured) 
:1: _ ten, ;" 'tr""~ th 
Figur~ S.7: Overby.trengtb 1II1d .tre" d~>vdoprnent foc 2-day eured Sika LW spoxirni.'IIs. 
(AlTo>!' intikales Ihe ag" at crad illitiali(m) 
5.5.2 7 day Sika LW 
J 
The materia l pmpelties data of Sib L W spccim(!tls cured for 7 days IS given in Table 8.2 in 
Appendix B_ The dala given in Table B.2 is plotted in Figure 5.8. According to thc figure. il 
takes about 9 days tor Sika LW cured for 7 days to start cracking. This represents 2 days after the 
end of curing. Coolparing Figures 5.7 and 5.8 it is observed that both the 2 day-cured and the 7 
day-cured Sika LW crack at doe same age. However. the 2 day-cured '"pccimens lake 7 days after 
L"Uring for crach 10 iniliate. This may be attributed to the high level of tensile relaxation 
experienced althe young age (see Section 4_2.4)_ 
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Sika LW 
(7 day cured) 
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Figure 5.8: Overla y ,n'. llgtlt and ,tress development for 7-J"y curoo Sib L W specimen,_ 
(An'ow i"diclms Ihe age nl cmd inili",i",,; 
5.5.3 2 day Sika 615 
Table B.3 in Appendix B gi\~s the material pl\lperties data of Sika 615 sp~cimens cured for 2 
days. A plot of the data in Table 13.3 i.< given in Figure 5.9. It takes 14 day, for crach to initi ate 
in Silrn 61 5 cured for 2 day'. This repre.<ents 11 days after the end of ~uring. This i.< greater tha n 
lhe 7 days it tahs for cmch 10 iniliale in 2 day-~ured Sib L W. In spile of the fact Ihat 2 day-
wr..d Sib 615 ha, a lower lensile rcl~xation and a much hig)K-r dastic modulus (han 2 d~y­
curoo Sib L ¥i, it cmcks at a later ag~ than 2 day-cured Sika I.W. Thi.< may he ~tl ri but~d to the 
hig)l , trength gain experienced hy Sib 61 5. 
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Sika 615 
(2 day cured) 
" 
Figure 5.9: Overlay strength and stress development for 2·day "ured Sika 615 spe<:imcns, 
(Arrow indicmcs the age a, cmck inilialion) 
5.5.4 7 day Sika 615 
\1at"riai properties data of Sika 615 specimens cured for 7 days is given in Table B.4 in 
Appendix B. Figure 5.10 shows a plot of the data given in Table B.4. II is observed that Sika 615 
cured tilT 7 days cracks at approximately the age of J3 days. Tbis corresponds to 6 days after 
curing. Comparing w ith the 2 day-cur~d Sika 615. it take" 7 day·cured Sika fll5 "pecimem half 
the time for cracks to initiat" than it takes 2 day·cured Sika 615 sp~cim~ns. This may be 
attributed to the higher tensile strength at eve!)' age in the 2 day·cured specimens (see Section 
5.2.2), Other factors being equal ( i_ e. elastic modulus, tensile relaxation ~'tC). high tcnsik "trength 
delays the onset of cracking. 
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n 
, 
" 
CO 
,
; 
~ ; 
> 
Sika 615 
(7 days cured) , , , , 
• 
, 
< 
" 
0 
, 
, 
; , 
, , , 
• 
" 
0 
, 
Aj:e {d . y.) 
Figure 5. 1 0: Overlay strength and stress development for 7 ·day cllroo SikH 615 specimen •. 
(Arrow indicat,,8 the age ,,[ crack initiation) 
5.5.5 2daySika6 12 
Material pmperties data of Sika 612 specimens cured for 2 days is given in Table B.5 in 
Appendix B. A plot of the data given in Table B.5 is given in Figure 5. 11. According to Figure 
5.9, Sil<a 612 cured for 2 days docs not undergo cracking within the 28 days period of testing. It 
is observed that the tensile strength of Sika 612 is greater than thc remaining stress, hence, no 
cracking occurs within the testing period. This is in spite of the fact that 2 day-cured Sika 612 
undergoes the greatest drying shrinkage (excluding 7 day-cured Sika 612) among all the repair 
mortars. The absence of cracking within the 28 days tcsting period may be attributed to the fact 
that 2 days-cured Sika 612 had the lowest elastic modulus among all the mortars and also 
underwent the greatest amount ol"tcnsile rclaxation (sec Sections 5.2.3 and 5.2.4). The combined 
dToct of a high degrce of rdaxation and low d~st i c modulus leads to high r~sistance to crack 
initiation. 
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, 
.c'.' 
1 
Sika 612 I 
(2 da~ cun'd) 
Figure 5.11, Overlay <trength aOO <tress development for 2-day curod Sika 612. 
5.5.6 7 day Sika 612 
Table B.6 in Appendix B shows the material properties data of Sika 612 specimens cured for 7 
days. The data given in Table B.6 is plotted in Figure 5.12. The figure shows that 7 day-cured 
Sika 612 is likely to crack at the age of 12 days. This co.-responds to 5 days after the end of 
cllfing. It is interesting to note the contrasting perJ()rmance belween 7 days-cured Sika 612 and 
that of 2 day-L'Ured. While 7 day-cured Sika 612 cracks just after 12 days. 2 day-cured Sika 612 
does not crack within the testing period. Thi< may be ""plained by the fact that 7 day-cured Sika 
612 undergoes higher shrinkage than 2 day-cured Sika 612. In addition, the degree oftensilc 
relaxation is much higher at the early age that is associated with 2 day-cured Silca 612. 
Furthemlore, 7 day-cured Sika 612 has a higher elastic modulus at the age o!"loading (end of 
cllfing) than 2 day-cured Silca 612. 
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Sika 612 
(7 da)' curl'd) 
Figur~ 5.12: Overlaystr<:ngth and ,truss development for 7·day cured Sika 612 specimens. 
(Arrow indicares th e age at era",; ;nilialio~) 
5.5.7 2 day wi~ ~ 0,45 
Material properties data of wle = 0,45 specimens cured fin 2 day~ i~ given in Tahle B.7 in 
Appendix B. Figure 5.\3 shows a plot of the data given in Table B.7. From the figure. it is 
observed that the 0,45 mix cured for 2 days cracks at the age of 14 days. This represents 12 days 
al\cr the end of curing. Therefore, 2 day-cured 0,45 mix cra~ks at the same age as 2 day"cured 
Sila 615. This may be because, even though 0045 mix underwent higher shrinkage than Sib 
615, Sika 615 bad a higher elastic modulus than 0045 mix. Thus, the two elfocts ~e"m to "ven 
OU\. Note that both mixes had simi lar vallll" of !en.ile strength and tensile relaxation. 
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wfc = 0.45 
(2 da) l'un'd) 
_ elesliestre" 
Figure 5.13: Overlay strength and ,1!'C8S developnl'.'nt for 2-day cured wle - 0.45 spccimelL'l. 
(A,,<rW ituiicale.' the age at crack initiationj 
S.S.S 7 day ""Ie - 0,45 
Material properties data of wle = 0.45 mix spe~imen ' cured lor 7 day , is given in Table B.8 in 
Appendix B. Figure 5.14 give, a plot of the data shown in Table B.8. According to the figure. 7 
day-cured 0.45 mix cracks at the age or 15 day, . This corre,ponds te 8 day. after the end or 
CUling. Cempared te the 2 day-curcd 0.45 mix, the 7 day-cured mix cracks at an age that is 1 day 
latcr than that of the 2 day-cured mix. This may be allri bmed te the fact thaI the tensile strength 
of concrete increases with an increa", in the duration or curing. Subsequently, the ensct of 
~TdCking is delayed. It j , also observcd that 7 day-cured 0.45 mix performs better than 7 day-
cured Sib LW. Sib 6 15 and Sib 6 12. The 7 day-cured 0.45 mix had the highest tensile 
strength of an (he repair mortars . 
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(7 day cured) 
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figllre 5.14: Ov.,,-lay strength and Sirc" <icvdopmcnl LOr 7 ·d~y cUI'«1 wic - 0.45 ,])Ccimcn" 
(A'row inriimle, the "g" al emd: i"iliarilln) 
5.5.9 2 da); wlc - 0.6 
Table 8.9 in AppendIx B gives the mmcri~l pl'Operti e, data of wi, = 0.6 specimen, ,urea fOf 2 
days_ Figure 5.15 shows" plut of/he d~t~ given in Table 5.9, "rom the figure, 2 d~y-,ured 0.6 
mix cm~ks at [he ,,~c uJ" j 7 days. This rcpl'esem, 15 days after lhe end of ,uring. Of all the 2 day-
cured specimClls (excluding Sib 6121, the 0.6 mix tahs the iongcsllimc to "'lick. This may he 
iJecau,c tlw 2 day-n'rcd 0.6 mi_~ lInderwent the lowest shrinkage of all the mortar,. In addition, 
apart from 2 day-~urcd Sib 612. tile O.6111i~ recorded the highest degree of tensile relaxation. 
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"Ie = 0.6 
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_ ten,i ", ' trength 
_el. , tio,rre" 
_ rem. ining ,treg 
Flgllre S.tS: Overlay Olrength and ,tress development for 2-day "ured wi" - 0.6 spe<:imen,. 
(Arrow indicates Ihe age UI a <lc}; initi<ltionj 
5.5.1U 7 day wic = (J.(; 
Material properties data of w/c = 0.6 mix specim~ns cured lor 7 days is given in Table B.IO in 
AppendixB. Figure 5.16 shows a plOI oflhe data given in Table B.IO. According to Figure 5.16. 
w/c = 0_6 mix specimens cured lor 7 days crack at an age of 20 days. This corresponds to 13 
days after the end of curing. Of alllhc 7 day-cured specimens, the 7 day-cured 0.6 mix takes the 
longest time to crack. This may be attrihuted to the combined dTed or low shrinkagc and high 
relaxation. Compared to th" 2 day-cured 0.6 mix. (he 7 day-cured mix cracks at an age that is 2 
days laler than that or the 2 day-cured mix. This may be due to an increa.~e in t<C'Tlsile str<lT1gth 
with increased duration of curing. Subsequently, the onset of cracking is delayed . 
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w/c = 0.6 
(7 day cured) 
Figure 5. 16: Overl">" stren,,1h and SIre,s developmcnt for 7-day cured wle - 0.6 spccimen •. 
(Arrow indicates the age al crack imlialion) 
5.6 Comparison of model with experiment'll resulN 
Table 5.11 prtl;s~n(s a comparison 01 results i. e, age a( cmcking ktween an~I)-'ic~ 1 11l00kling "nJ 
expcrimeUlaltest,. 
Table 5.2: Comparison of Jnal~1ical mo{kling and eXl}(;rilI"-'t1 lal ,e,ull, {a~", at ,radinf';. Jay,), 
Sib 1.\>''- Sib 615 Sika611 w,,~ - 0.45 w/~ - 0,6 
r est (il"" ------- ------2- day< 7 day" 1 dayS_~ 7 days 1 day. 7 day. 2 d,:y~ 7d~ys 2d~ys 7 days 
-. - -. - -
Ring test 7 , 
" ", - '" '" " -
. 
5 i '-! 
I 
--
, 
17 --r-~ Bonded 10 10 
" 
! 
" " '" " " 
! overlay, i , 
- ------
Analytical , , , 14 13 NA 12 14 '5 i 17 20 modeling , 
Figure 5, 17 ,nows a companson oj' age at ~ra~king for specimens ~ur~d for 2 days, while Figure 
5.1R give, a comparison fin .p;.;cimens cured for 7 days , Excludmg the results for Sib 612. 
Figure 5 17 and Figure 5.18 show a very favorable agreement between results of the analytical 
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modeling and results of bonded overlays. For 2 days cured specimens, there is an exact match 
between results from modeling and bonded overlays for w/c = 0.6 and Sika 615 specimens. 
While for Sika L W and w/c = 0.45 specimens, results of analytical modeling lie within one day 
of the bonded overlays results. For 7 day cured specimens (Figure 5.18), the results of the 
analytical modeling lie within three days of the bonded overlay results (excluding Sika 612). 
Considering the number of assumptions made in the analytical modeling (Section 5.4), there is a 
favorable agreement between analytical modeling and bonded overlays. 
A large comparison between ring test results and the other results in both Figure 5.17 and Figure 
5.18 indicates differences. For the 2 day cured specimens, Figure 5.15 shows that the ring test 
results were offby 3 days (Sika LW), 9 days (Sika 615), 11 days (Sika 612),8 days (w/c = 0.45) 
and 7 days (w/c = 0.6) from the bonded overlays results. For the 7 days cured specimens, Figure 
5.16 shows that the ring test results were off by 1 day (Sika LW), 5 days (Sika 615), 12 days 
(Sika 612), 8 days (w/c = 0.45) and 6 days (w/c = 0.6) from the bonded overlays results. These 
differences are to be expected because restrained shrinkage strain values between the ring test 
and bonded overlays are different. This difference arises because the degree of restraint to 
shrinkage is different between the two cases. The huge differences in age at cracking indicate 
that the ring tests will not give the actual age at cracking for concrete repair mortars. 
Results for Sika 612 from analytical modeling and bonded overlay do not seem to agree. The 
modeling predicts no cracking for the 2 day cured specimens and 12 days age at cracking for the 
7 day cured specimens. These are very different to the 24 days and 28 days age at cracking 
obtained from bonded overlays. In Sections 4.2.3 and 4.2.5 it was also noted that the 28 days 
elastic modulus (12-13 GPa) and compressive strength (10.6 MPa) ofSika 612 lie way below the 
values given in the product data sheet (25 GPa for elastic modulus and 45-55 MPa for 
compressive strength). No tangible explanation could be found for this. 
Tables 5.3 and 5.4 give ranking of the repair mortars according to age at cracking. Mortars that 
cracked ftrst are given a lower ranking in the tables while mortars that took long to crack are 
placed high up at the top of the tables. Ignoring the results for Sika 612, it is observed that there 
is general agreement on the order in which repair mortars crack among the three tests for both 2 
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day cured and 7 day cured specimens. In all cases. the wic - 0.6 mix pjac~d wel l at the top of the 
tab le8 wh ile Sib LW had lhe lowest ranking, A~reement on order of cracking Ixrween r~sults of 
the ring test and re<ult8 ofth" other two test, , ugge,t, that the ring lest will give the correct order 
of cracking wh~ comparing different materia ls for cracking m,is!an ee. 
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Table 5.3: Mortar ranking according to age at cracking for 2 day cured specimens. 
(Figure in brackets indicate age at cracking) 
Ranking Ring test Bonded overlay Analytical modeling 
1 Sika 612 (13) Sika 612 (24) Sika 612 
2 w/c = 0.6 (10) w/c = 0.6 (17) w/c = 0.6 (17) 
3 w/c = 0.45 (7) w/c = 0.45 (15) w/c = 0.45 (14) 
Sika LW (7) Sika 615 (14) 
4 Sika 615 (5) Sika 615 (14) Sika LW (9) 
5 Sika LW (10) 
Table 5.4: Mortar ranking according to age at cracking for 7 day cured specimens. 
(Figure in brackets indicate age at cracking) 
Ranking Ring test Bonded overlay Analytical modeling 
1 Sika 612 (28) Sika 612 (28) w/c = 0.6 (20) 
2 w/c = 0.6 (13) w/c = 0.6 (19) w/c = 0.45 (15) 
3 w/c = 0.45 (10) w/c = 0.45 (18) Sika 615 (13) 
4 Sika 615 (9) Sika 615 (14) Sika 612 (12) 
Sika LW (9) 
5 Sika LW (10) Sika LW (9) 
5.7 Conclusion 
A simple analytical model based on the superposition principle was used to predict the onset of 
cracking in bonded concrete overlays. The model was based on time development of key 
material parameters i.e. tensile relaxation, restrained shrinkage strain, elastic modulus and tensile 
strength. The following conclusions can be made based on the results and analysis presented in 
this chapter: 
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• Age at cracking of bonded concrete overlays can be successfully predicted based on the 
time development of the different material properties. Results from the analytical model 
showed a very favorable agreement with actual results from the bonded overlays. All the 
model results were within 3 days, utmost, of the actual results (excluding results for Sika 
612). This is quite favorable considering the number of assumptions made in the 
analytical modeling of results (see Section 5.4). 
• The ring test will not give the actual age at cracking but will give the correct order of 
cracking when comparing different materials for crack resistance. Comparison of results 
from the ring test and bonded overlays indicated huge differences for age at cracking (see 
Figures 5.17 and 5.18). Nevertheless, the order of cracking for both 2 day cured and 7 
day cured specimens were similar for both the ring test and b nded overlays (see Tables 
5.3 and 5.4). 
The above conclusions suggest that the ring test would suffice when assessing different materials 
on which one would perform better, but would not be enough in assessing materials for age at 
cracking. In order to assess age at cracking of overlays, information on the time development of 
the different material parameters is needed. 
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6.1 Introduction 
The number of concrete infrastructure needing repair and rehabilitation is increasing worldwide. 
The bonded overlay technique, which involves removal of a damaged concrete layer on an 
existing concrete member and replacing it with a new layer is one of the most widely used 
techniques. It is used for both structural and non-structural repairs in concrete members or 
elements such as slabs on grade, pavements, toppings and linings, etc. 
The performance of overlays is weakened by such effects as early age surface cracking, spalling 
or interface debonding. Early age surface cracking due to restrained deformation is a major 
problem arising in bonded overlays. Overlay resistance to crack initiation, development and 
propagation depends on a number of time-dependent properties of the concrete. To be able to 
predict the onset of cracking requires knowledge of the different material properties and also 
how they interact with each other. 
This research sought to model and predict age at cracking of bonded overlays based on 
experimentally established material properties and the ring test. The main aim was to investigate 
whether the performance, with particular focus on age at cracking, of bonded overlays can be 
adequately predicted from tests such as ring test, free shrinkage strain, tensile strength test, 
tensile relaxation etc., and if so, which of these tests would suffice for prediction of overlay 
performance. 
Age at cracking refers to the age at which cracking occurs and its importance cannot be 
overstated. Firstly, cracking in itself is unsightly in cosmetic repairs and may lead to loss of 
structural integrity in structural repairs. Secondly, age at cracking could indicate the age at which 
concrete may become exposed to potential harmful substances such as chlorides, carbon dioxide 
etc. The ingress of these harmful substances could cause further deterioration resulting in 
eventual failure of the overlay-substrate composite. The investigation covered in this study 
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serves as an important contribution towards efforts aimed at harnessing early age shrinkage 
cracking of concrete repair mortars. 
6.2 Summary of main conclusions 
Based on the materials and the results obtained in this research, the following conclusions were 
made: 
6.2.1 Effect of material properties 
The crack resistance of repair mortars depends upon the combined influence of a number of 
factors rather than just one factor. Free shrinkage strain alone, in spite of it being very important, 
does not determine the cracking behavior of bonded overlays. Both Sika LW and Sika 612 had 
very high values of free shrinkage strain, yet Sika L W recorded the shortest time to cracking 
while Sika 612 recorded the longest time to cracking. Also Sika LWand Sika 615 specimens had 
the same age at cracking despite them having different material properties. Sika 615 had higher 
elastic modulus and tensile strength than Sika L W, while Sika L W underwent higher degree of 
relaxation and higher shrinkage strain than Sika 615. 
Tensile relaxation appears to have a very big influence on age at cracking. Depending on the age 
of loading, tensile relaxation will reduce overlay stresses by approximately 20-58% (2 day cured 
specimens) and 20-48% (7 day cured specimens) in the mixes tested. These values are in 
agreement with published literature (Masuku, 2009; Beushausen, 2005; Pigeon et. al 2000). The 
degree of tensile relaxation depends upon the age of loading. Higher values of relaxation were 
observed in younger specimens than in older specimens. 
Shrinkage and tensile strength are often used as the main material parameters considered in 
judging the potential cracking performance of overlays and repair patches. This research has 
shown that shrinkage and strength values in isolation cannot determine the cracking behaviour of 
cement mortars. Cracking behavior of repair mortars depends upon the combined influence of 
shrinkage, elastic modulus, tensile relaxation and tensile strength. This agrees with Pigeon & 
Bissonnette (1999), who noted that crack resistance of repair mortars is a combined influence of 
various material properties and parameters. According to Hengjing et al. (2008) early age 
112 
Un
ive
rsi
ty 
of 
 C
ap
e T
ow
n
Chapter 6: Summary, Conclusions & Recommendations 
cracking in concrete should be studied by combining the influence of shrinkage, shrinkage stress 
and creep. 
In practice, advantage could be taken of the above results during selection of repair materials. 
Before any material is selected for use, it would have to meet a criterion chosen based on all the 
material parameters i.e. tensile strength, elastic modulus, restrained shrinkage and tensile 
relaxation. By taking into consideration all the different material parameters instead of just 
shrinkage and tensile strength, the potential resistance of the material against restrained 
shrinkage cracking could be enhanced. Obviously the development and implementation of such a 
criterion would require a much more comprehensive and rigorous testing program than was 
carried out in this study, hence it is beyond the scope of this thesis. 
6.2.2 Effect of curing on cracking performance 
An increase in curing period was observed to delay the onset of cracking in both ring test 
specimens and bonded overlays tested in this study. This was attributed to the effect that curing 
had on free shrinkage strain and tensile strength. In addition to delaying free shrinkage strain, 
curing was observed to increase the tensile strength of the repair mortar specimens. The 
combined influence of these factors appears to override the effect of increased elastic modulus 
with an increase in curing period. 
The above effect of curing on onset of cracking implies that extending the curing period could 
prove beneficial in practice. By extending the curing period, the onset of cracking could be 
delayed or even prevented thus improving the performance of the overlay. This would result in 
long overlay service life and hence, enhanced durability. 
6.2.3 Analytical modeling of age at cracking 
In order to simplify analytical modeling, it was assumed that: no shrinkage occurs during the 
curing period, tensile relaxation is instantaneous from the onset of loading and that restraint is 
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equivalent to 60% of free shrinkage strain (Beushausen, 2005). Results from the modeling 
showed that: 
• Age at cracking of bonded concrete overlays can be successfully predicted based on the 
time development of the different material properties. Results from the analytical model 
showed a very favorable agreement with actual results from the bonded overlays. All the 
model results were within 3 days, utmost, of the actual results (excluding results for Sika 
612). This is quite favorable considering the number of assumptions made in the 
analytical modeling of results (see Section 5.4). 
• The ring test will not give the actual age at cracking but will give the correct order of 
cracking when comparing different materials for crack resistance. Comparison of results 
from the ring test and bonded overlays indicated large differences for age at cracking (see 
Figures 5.15 and 5.16). Nevertheless, the order of cracking for 2 day cured and 7 day 
cured specimens were similar for both the ring test and bonded overlays (see Tables 5.3 
and 5.4). 
The above conclusions suggest that the ring test would suffice when assessing different materials 
on which one would perform better bu  would not be enough in assessing materials for age at 
cracking. In order to assess age at cracking of bonded overlays to restrained shrinkage cracking, 
information on the time development of the tensile strength, elastic modulus, tensile relaxation 
and shrinkage is needed. 
The results of the analytical model are based on laboratory results of material parameters and the 
assumptions made i.e. no shrinkage occur during curing, tensile relaxation is instantaneous and 
degree of restraint is 60%, therefore they may not be representative of a real life repair. In an 
actual real life repair shrinkage might take place during curing through autogenous effects and 
the degree of restraint may be different to 60% depending on the overlay-substrate bond. 
However, provided actual restraint and shrinkage are estimated through field investigations, the 
above analytical model could prove useful in assessing and comparing materials for cracking 
performance. 
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6.3 Recommendations 
This research identified some of the main aspects affecting bonded concrete overlay crack 
resistance. However more research needs to be conducted to come up with comprehensive 
results. The following recommendations are made: 
• More research needs to be carried out on a comprehensive list of repair materials. While 
results from this study are significant, tests were carried out on a small number (5) of 
repair materials. Therefore, there is need to test a more comprehensive list. 
• Future research could also look into the possibility of adapting the analytical model into 
a FEM model for predicting age at cracking. 
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Appendix A: Material properties' regression curves 
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Appendix 8: J\bterial properties' tables 
T"bJe H.1: Malcrial propC\1ics for 2 days ~uroJ Sika LW spcdmcns, 
-
Change in /;1~an T 'I I M~all I , 
P~riod l'rcc cia,'ie ens. e i tensile Elaslic ' R~mai"lIlg , 
(day, ) shrinkage modlllllS S1renglh i relaxation <lr6S slre« , , [MPa] [MPa] [MP~] I simi" (10) , [UraJ , [%1 - • -... 
i 0-2 0.0 , LO 1.3 45 ,0 IJ.(I 0.0 
i - --
, ?.-4 260.0 4.0 1.5 41.0 0.6 1).4 
, -
4-6 250.0 S.O l.7 36.0 L8 L1 
6-8 140.0 , 10.5 L9 31.0 27 L7 
, 
, 8- 10 130.0 11.0 ; 2.0 29.5 3.6 2.4 
! 
-
._-- -_._.-
10 12 110.0 13.5 , 2.1 27.5 4.5 3.0 
, 12-14- 20.0 14.5 2,2 26.0 4.7 : 3.2 
, 14-16 20.0 15.5 2.3 24.5 4.9 , 3.3 
-
16-1S 30.0 16.0 2.3 , 2] ,5 5.2 3.5 
-
- ---
18-20 60.0 17.0 2.3 22.0 5.8 4.0 
, 20-22 25.0 17.5 2.4 21.0 6.1 4.2 
, 
22-24 5.0 j ~,O 2.4 10.5 6. ' <.3 
24-26 20.0 18.5 2.5 19.5 6.3 4.4 
26-28 5.0 19.0 , 2.5 18.5 6.4 4.5 
r~ hl e 11.2: \1'" erial prol"'[1i"; for 7 day, c~red Sib L W S!l"dmen.';. 
-
-'-r--- - -
, 
Change in ~'lean Tensile M~an Ela,lic ' R~mallling Peri od li-cc daSlic le nsil ~ 
(days) ,n,-;nkage "",<lulu, slr~nglh rd ~xalion stre,s 'tress 
, 
,lrain (10) lUPaJ [MPa1 [%] [MPa] [MP~] 
i -.-... .. 
-
. .- ----- . . -...... . -
-
, 0-7 0.0 0 .0 1.5 36.0 0.0 0.0 
! - , -_._.-
7-10 440.0 ]2 ,5 2.0 34.0 3.3 , 2.2 
-
10-12 400.0 14.0 2. 1 31.5 6.7 , 4.5 
---
- .-- .. .-
12-14 100.0 15.0 2. 1 30.0 7,6 5.1 
-
n, 
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ArEndix B 
! 14-16 40.0 I I 6.0 2.3 28.5 7,9 SA 
. __ .. _- , 
--- - ! 
16-18 105.0 17.0 2.3 27.0 '.'1.0 0.2 
18-20 10.0 18.0 2.4 26.0 9, I 6.2 
20-22 [5.0 [S.5 2A 25.0 9.3 6.4 
22-24 20.0 19.0 2.5 24,0 0.5 6.5 
24-26 30.0 20.0 25 23.5 9.9 6.8 
26-28 10.0 20.5 2.6 ~~.O , 10.0 6.9 
r abl~ 1J.3: M"I~"';a l pr<>tlCl,i,-" tor 2 day, cured Sib (,15 'p"',imell' , 
I I 
. -_ ... _ .... . 
I Changc in M~"n M~"n 
PCI-iod 
, 
free el,>lic TCIl8il e tell,ile Elasli~ Rem,ining 
(da,'s) shTinlag:~ Illooul\l' slT~nglh relax"ti(~l stress Slr~ss • [\1Pa] [MPaJ [Ml'aJ , , Sli""in(IO) [(1I'aJ [%,] , 
. . . .... - . 
0·2 
, 
Il.O 12.0 2.0 35.0 0.0 0.0 
. I 24 205.0 14'(1 2.5 34.0 l.7 LI 
4·6 55.0 17.0 2.8 3 1.0 2.3 1.5 
. 
6-8 85,0 1 H.5 3.0 29.0 3.2 2.2 
8-JO SO.O 20.0 I 3.2 n.l) 4.2 I 2.9 I -- -_. I 
I 10-12 J(I.O I 21.0 3A 26.5 4.6 3.2 
[2-14 30.0 22.5 3.5 26.0 5.0 3.5 
-
. . 
-
14-16 60.0 23.0 36 25.0 5.S 4.1 
[ 6-18 40.0 I 24.0 3.7 24.5 6A 4.5 
-
_._-, [S-20 10.0 24.5 3.8 24.0 65 4.() 
-
- -
20-22 30.0 25.0 3.8 23.5 7.0 5 I) 
-- .-
. -~ 
-
22-24 45.0 25.0 3.9 23.0 7.6 5.5 
--
I 24-26 20.0 25.5 3.9 ~2.5 I 8.0 5.7 
I 26-28 10.0 I 26.0 4.0 2H) I "' 
5.9 
. 
-
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Tahl e S A: M,,,,,,ial pmp<:n ies for 7 days wred Sika (,15 ,>",ci mens, 
-
-
. 
C hang.e in Me,m T~l1sil e Mean FI ~~ti c R ~m~ining i f'~riod li-ee d l1sl,c i !ens ile (days) shrinkl1ge modulus strength i r~laxmi(ln slr~ss stress I [l\lPa] [MPa] [MPa] 
slrain (10) lGJ'aj r%l I 
- -
1 ,-,"--. _ . . , 
0·7 0.0 1~.0 2.4 31.0 0.0 00 
7 10 330.0 I 20.0 3.0 29.5 4.0 2.8 
-
10· 12 20.0 I 21.0 3.1 28.0 '.2 3.0 
12·1 4 55.0 I 22.0 3.2 27.0 4.9 3.5 
--
I 4· 1 ti 50,0 23.0 3.3 26.0 5.6 4 _11 
16· 18 50 0 23.5 3.4 25.0 6.3 4.5 
-
I g·lO 85,n 24.0 3.5 I 24.5 7.6 5.5 j--- . 
35.0 25.0 3.5 --r 24_0 8.1 5.9 I 20·22 , I 
-
I 22·24 55.!) I 25.5 3.6 13.5 _~.9 6.5 I 
! 24·26 25 ,0 I 26.0 3.7 22_5 9.3 6.8 I L 26·28 25.0 26.0 3.7 I 22.0 9.7 7.1 
-, --
T3bl~ .8.5: Materi"l proJXT\i~ for 2 day, cured Sib 612 'l>Ccim.,,, 
- r-- - -
Clumge in Me~n T~l1 si l e Mean Fl a~tic It emai nin'g 
Period I'~~ ~l astic t~ns i lc 
(days) ~hj'in k a_Qe modul us slrenglh rdaxalion su-,.;ss S ll~SS 
slrain (1 OJ [(;j'aj , [M f'~ 1 l%l r_V1l'il1 rlvll' aj 
-
, ... .. 
-
I 0-2 0.0 1.0 1.0 ! 60.0 (1, 0 0.0 
-
2-4 620.0 1.5 1.3 55_0 O,? 0.3 
- -
-
4-6 280.0 :1.4 1.6 4g '(J 1.2 0.6 
6-8 90,0 4.4 1.8 44_11 1.5 0,7 
-
8· 1 0 160.0 5_2 1.9 I 40 _0 2,0 1.0 
._ -
111·12 80.0 5.8 2.0 , 37_11 2.3 L2 
-
-
12·14 60.0 6,4 2.1 
, 
35.0 2,5 1.4 
14·16 60.0 0.5 2.2 :J4 _II 2 ,7 1.5 
--
-
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16-18 I 50.0 7.1 2.3 32.0 
18-20 30_0 7,5 2.3 30.0 
20--22 25.0 '.8 2,4 29.0 
22-24 15.0 1(1 2.4 ~~ .O 
.-
24-26 25.0 8,4 2.5 27.0 
I 26-28 35.0 K6 2.5 , 26.0 
I">.hl. 11.0: \b le,;"1 r " 'P'-Tlie' for 7 day:< ~\l'ed Si b 612 specimen., 
P~riod 
I (da'ysj I , 
0-7 
- 7_10 
10-12 
12- 14 
14- 16 
16-18 
18-20 
20-22 
22-24 
24-26 
26-28 
('hang~ in 
fl"~~ 
sl!rink~g~ 
'11'<lin (10) 
0.1l 
830.0 
250.0 
150.0 
85.0 
10.0 
35.0 
55.0 
125.0 
70.0 
10.0 
, 
l\,jean 
clastic 
modulu, 
[(iPal 
~.O 
~.II 
5_~ 
6.4 
0.9 
7 .3 
" 8.1 
- -
~.4 
S,; 
9, () 
I Tcnsik I 
sln.::nglh 
l\1Pa] 
16 I 
--
I 
1.8 
1 9 
2.0 
-
2.1 
2.3 
2.4 
2.4 
2.5 
2,6 
V 
M""" 
t -",ile 
" r"h~mion 
[%1 
-
41(,0 
45_5 
41.5 
3'J_O 
37.(1 
J') _0 
34.0 
32.0 
31.0 
29.0 
28.0 
, 
, 
T abte n. 7, \lot~ri"1 prOP'-,TtlC' Co.- 2 {I"y"",ur~d w/e - 0,45 :<p~" imellS 
Chil"ge in Meall Tensile Mcan Perio·d jre":: clastic 
strL"llg(h te n,il~ (Jay,) shrinkage 111o<iulu, relaxation 
,(rain (10) [(ira] LMI';lJ l ',~'o 1 
I ~:~ 0.11 5_1l 2.0 4(j,() 270,0 8.1l 2_~ -, -, -' --' 
Ll7 
ApJi'fnJix B 
2.9 U 
3.1 1.1( 
, 
3.~ 18 
3.3 19 
3.4 2.0 
3.6 2.1 
Elastic I Rcmaining ! 
'tress ,11"<'_" I 
rMf'al rMf'a j , 
0_0 0.0 
2,) 1 4 
3.4 1 9 
-' <) 2.2 i 
4.3 2,4 
4 _3 2.5 
4.5 2,6 
4,8 2.8 
5,4 3.2 
5.8 3.5 
5.8 3.5 
Ela,tic R~mmning 
SIre," S\I'I:-" 
rMPal [\lra] 
0.0 0,0 
U 0.8 
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I 85 _0 12_0 2.9 I 33.5 1.9 1.2 4-6, _' 
-
6·8 jJO.il 14 .5 3.1 3 1.0 3,0 1_0 
--
R-lO 70.0 16.0 3.3 29 ,0 3.7 2.5 
10-12 1 {)() ,O 18.0 3.5 28.0 4.8 3.3 
12-14 30,0 19.0 3.6 27.0 ), I 3.) 
14-16 61),0 20.0 37 25.0 5,9 4.0 
. 
16-18 50,0 21.0 3.8 24.0 6.5 4.5 
._-
18-20 21),0 22.0 3.9 24.0 6.7 4 .7 
2022 20,0 23.0 4.0 23 ,0 7.0 40 
. 
- - --
22-24 10,0 23.5 4.1 22,0 7.2 5.0 
24-26 30,0 24 ,1) 4. 1 2 1.0 7.(-, 5.4 
--"-r- 21.(1 . .. ] 26-28 I il, 0 24 ,5 4.2 7.7 5.5 
-
------
Table 8.S, Material properti"" foc 7 days cured wlc - 0.45 spccim~'1lS_ 
._- . 
Ch,mgcin .\kan Tensile 
\1~an 1,:la,tic Remaining i 
Perioo fr~~ ~ Iaslic 'tr~ n~<jh lenSlle str~'" I (day,) shrinkage mo<.\ult" relaxation ,Ires, 
slmin(10) LGI'ul [NIP ~ l r~,'; 1 L\iPa] LMP~] , 
I .. .. . - _ ... 
(P I 0.0 9.8 2,7 35,0 0.0 OJ) .--- .- -
7 lil 
, 
350,0 18.0 3.8 33,5 3.8 ~5 
- ---
10-12 70.0 20.0 4,0 31,0 4.6 3.1 
. 
12-14 R5 ,0 ~L~_ 4.2 29.0 5.7 3.') 
14 16 65.0 22.5_ 4.4 28.5 6.6 4.) 
16-1 8 88,0 ~ 4,0 4.6 27,0 7.9 5.4 
-
18-20 15.0 24,5 4.7 26.0 8.1 5.6 
20-22 10.0 25,0 4.8 25.5 82 5.7 
22-24 70.0 26,1) 4.9 24 ,5 9.3 (l_) 
--
--
24-26 62.0 27 ,0 5.0 24,0 10.3 "' " .. '
i 26 · 2~ 107.0 275 5.2 23.0 12. 1 S.6 I , , --,--_. 
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I Change in Mean M~an I T Cll,ik Eiaslic R~mallllll~ Period f~e ~ I"sti~ l~nsil e 
(days) shrinkag~ I TIlo<llLlus 
m englh 
relaxation 
str~ ,s stress 
[~1l'al r~lp"l [MP"l 
,(rmu(lO) I [UPaJ , l '!'o J . . 
0·2 
-
i 0.0 4.0 1.4 46.0 (J,O 00 
24 , 150.0 7.0 18 43.(J 0.6 (I ... 
. 
4-6 ~O.O 10.0 2.2 -' R.5 !.! 0. 7 
~8 
, 
120.0 12,0 2.4 36.0 2.0 L2 
~-IO I 140.0 1 3.0 25 I 34.0 .'\.1 19 
. 
10-12 , 55.0 I,U 2.6 1 32.0 3.5 2.3 , 
12-14 20.0 15.5 2.7 I 30.5 3.7 2.4 
14-16 1 30.0 16.0 2.8 29.0 4.0 2.6 
16--18 I 60.0 16,5 2.9 28.0 4/) 3.0 
-
1 ~-20 40.0 175 3.0 27.0 5.0 ) . .. , 
--_. 
20-22 20.0 18.0 3.1 2().0 5.2 35 
---
, 22-24 20.0 18.5 3. 1 25.5 5,5 J.6 
24-26 10.0 19,0 3.2 
, 
25.0 5/) 3.7 
26-28 10.0 19.5 3.2 24.0 5.7 3.8 
T"bl~ 8.10: \I.LeTial p,,)pen:i ~' for 7 d.y, cu~d wic - 1),6 sp"~in"'"' , 
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16-18 30.0 18.0 3.4 30.5 4.6 3.0 
18-20 65.0 18.5 3.5 30.0 5.3 3.5 
20-22 65.0 19.0 3.6 29.0 6.0 4.0 
22-24 105.0 20.0 3.6 28.0 7.3 4.9 
24-26 90.0 20.5 3.7 27.5 8.4 5.7 
26-28 10.0 21.0 3.8 27.0 8.5 5.8 
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Appendix C: Laboratory Results 
Tensile strength results 
Sika lW (2 days cured) 
Age (days) spec l(N) spec 2(N) spec 3(N) Average(N) strength(MPa) StOev 
2 1925 1891 1862 1893 1.18 0.0195 
7 3240 3499 3372 3371 2.11 0.0810 
14 3405 3407 3395 3403 2.13 0.0041 
21 3660 3641 3591 3631 2.27 ' 0.0224 
28 4068 4070 4075 4071 2.54 0.0023 
Sika lW (7 days cured) 
Age (days) spec l(N) spec 2(N) spec 3(N-) Average(N) strength(MPa) StOev 
7 2622 3106 3548 3092 1.93 0.2892 
10 3245 3245 2.03 
14 3058 3502 3829 3463 2.16 0.2418 
21 3893 3893 2.43 
28 4365 4099 3829 4098 2.56 0.1673 
Sika 615 (2 days cured) 
Age (days) spec l(N) spec 2(N) spec 3(N) Average(N) strength(MPa) ~tDev 
2 3401 3500 3405 3435 2.15 0.0351 
7 4310 4352 4263 4309 2.69 0.0279 
14 6291 5542 4659 5497 3.44 0.5107 
21 6098 5968 5954 6006 3.75 0.0496 
28 6755 6602 6551 6636 4.15 0.0664 
Sika 615 (7 days cured) 
Age (days) spec l(N) spec 2(N) spec 3(N) Average(N) strength(MPa) StOev 
7 3319 4100 4947 4122 2.58 0.5089 
10 5340 5102 4720 5054 3.16 0.1953 
14 5313 5300 5400 5338 3.34 0.0340 
21 6000 5000 5500 3.44 0.4419 
28 5360 5900 6300 5853 3.66 0.2947 
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Sika 612 (2 days cured) 
Age (days) spec l(N) spec 2(N) spec 3(N) Average(N) strength(MPa) StDev 
2 1406 1502 1685 1531 0.96 0.09 
7 2644 2753 2788 2728 1.71 0.05 
14 3113 3001 2941 3018 1.89 0.05 
21 4044 3535 3217 3599 2.25 0.26 
28 4422 4388 4323 4378 2.74 0.03 
Sika 612 (7 days cured) 
Age (days) spec l(N) spec 2(N) spec 3(N) Average(N) strength(MPa) StDev 
2 2397 2306 2234 2312 1.45 0.05 
7 2562 2931 3501 2998 1.87 0.29 
14 3419 3301 3136 3285 2.05 0.08 
21 3495 3400 3495 3463 2.16 0.03 
28 3585 3998 4452 4012 2.51 0.27 
wlc = 0.45 (2 days cured) 
Age (days) spec l(N) spec2(N) spec 3(N) Average(N) strength(M Pa) StDev 
2 3538 3501 3449 3496 2.19 0.0280 
7 4911 4124 3544 4193 2.62 0.4288 
14 6300 5925 5704 5976 3.74 0.1883 
21 6337 6100 5976 6138 3.84 0.1147 
28 6946 6899 6917 6921 4.33 0.0148 
wlc = 0.45 (7 days cured) 
Age (days) spec l(N) spec 2(N) spec 3(N) Average(N) strength(MPa) StDev 
7 5346 5104 4752 5067 3.17 0.1867 
10 5858 5905 6465 6076 3.80 0.2111 
14 6609 7005 7669 7094 4.43 0.3348 
21 8036 7509 7253 7599 4.75 0.2495 
28 8891 8508 8075 8491 5.31 0.2552 
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wlc = 0.6 (2 days cured) 
Age (days) spec l(N) spec 2(N) spec 3(N) Average(N) strength(MPa) StDev 
2 2253 2299 2437 2330 1.46 0.0598 
7 3408 3459 3574 3480 2.18 0.0531 
14 3990 4205 4401 4199 2.62 0.1285 
21 4409 4339 4264 4337 2.71 0.0453 
28 5665 5525 5599 5596 3.50 0.0438 
wlc = 0.6 (7 days cured) 
Age (days) spec l(N) spec 2(N) spec 3(N) Average(N) strength(MPa) StDev 
7 4687 4602 4597 4629 2.87 0.0316 
10 4950 4699 4487 4712 2.80 0.1449 
14 4405 4879 5536 4940 3.46 0.3550 
21 5048 5385 5678 5370 3.55 0.1970 
28 5936 5902 5976 5938 3.74 0.0232 
Elastic modulus 
Sika lW (2 days cured) 
Age (days) spec l(GPa) spec 2(GPa) spec 3(GPa) Average(GPa) StDev 
2 3.5 4.8 4.0 4.1 0.7 
7 8.6 9.6 10.3 9.5 0.9 
14 10.7 11.7 11.5 11.3 0.5 
21 17.1 19.2 19.5 18.6 1.3 
28 19.8 20.9 23.8 21.5 2.1 
Sika lW (7 days cured) 
Age (days) spec 1 (GPa) spec 2(GPa) spec 3(GPa) Average(GPa) StDev 
7 7.1 8.5 11.1 8.9 2.0 
10 13.0 14.8 14.2 14.0 0.9 
14 13.2 13.9 15.2 . 14.1 1.0 
21 18.3 19.0 20.0 19.1 0.9 
28 21.3 23.1 21.9 22.1 0.9 
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Sika 615 (2 days cured) 
Age (days) spec l(GPa) spec 2(GPa) spec 3(GPa) Average(GPa) StDev 
2 12.4 14.3 15.4 14.1 1.5 
7 16.9 15.6 17.6 16.7 1.0 
14 20.5 22.5 22.7 21.9 1.2 
21 22.5 22.1 23.S 22.7 0.7 
28 28.7 29.8 30.3 29.6 0.8 
Sika 615 (7 days cured) 
Age (days) spec l(GPa) spec 2(GPa) spec 3(GPa) Average(GPa) StDev 
7 15.1 17.2 16.7 16.33 1.1 
10 16.1 17.0 20.0 17.70 2.0 
14 23.1 22.6 25.6 23.76 1.6 
21 23.9 23.5 25.0 24.12 0.8 
28 28.5 29.6 29.5 29.21 0.6 
Sika 612 (2 days cured) 
Age (days) spec l(GPa) spec 2(GPa) spec 3(GPa) Average(GPa) StDev 
2 1.5 2.1 1.5 1.7 0.3 
7 3.4 4.3 4.0 3.9 0.5 
14 4.9 3.8 4.5 4.4 0.6 
21 6.5 6.6 8.8 7.3 1.3 
28 10.3 12.4 10.6 11.1 1.1 
Sika 612 (7 days cured) 
Age (days) spec l(GPa) spec2(GPa) spec 3(GPa) Average(GPa) StDev 
7 2.9 2.8 4.0 3.24 0.7 
10 3.8 4.4 4.0 4.08 0.3 
14 6.2 4.1 4.9 5.07 1.1 
21 6.4 5.9 10.4 7.57 2.5 
28 11.1 12.0 12.9 11.99 0.9 
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wlc = 0.45 (2 days cured) 
Age (days) spec l(GPa) spec 2(GPa) spec 3(GPa) Average(GPa) StDev 
2 5.2 7.1 7.7 6.66 1.3 
7 11.1 12.3 14.1 12.51 1.5 
14 18.4 19.4 19.9 19.23 0.8 
21 20.5 23.5 23.7 22.56 1.8 
28 25.1 25.6 28.9 26.54 2.1 
wlc = 0.45 (7 days cured) 
Age (days) spec l(GPa) spec 2(GPa) spec 3(GPa) Average(GPa) StDev 
7 16.1 15.9 19.0 17.0 1.7 
10 17.3 16.9 19.8 18.0 1.6 
14 19.2 20.9 22.3 20.8 1.6 
21 25.3 27.1 28.0 26.8 1.4 
28 28.1 27.9 29.2 28.4 0.7 
wlc = 0.6 (2 days cured) 
Age (days) spec l(GPa) spec 2(GPa) spec 3(GPa) Average(GPa) StDev 
2 5.9 6.9 6.2 6.4 0.5 
7 10.1 11.6 11.9 11.2 1.0 
14 13.2 15.1 14.6 14.3 1.0 
21 17.2 21.3 19.1 19.2 2.1 
28 19.8 20.1 20.4 20.1 0.3 
wlc = 0.6 (7 days cured) 
Age (days) spec l(GPa) spec 2(GPa) spec 3(GPa) Average(GPa) StDev 
7 10.2 12.1 11.0 11.1 1.0 
10 14.7 14.8 15.5 15.0 0.4 
14 13.8 14.1 18.0 15.3 2.3 
21 18.0 19.0 23.0 20.0 2.6 
28 21.3 22.8 22.2 22.1 0.8 
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Compressive strength 
Sika LW 
Ace (days) Spec l(N) spec 2(N) spec 3(N) spec 4(N) Ayerace(N) strenph(MPa) St. Dey 
2 123000 104000 107500 119500 113500 11.35 0.92 
7 285000 286000 320000 323000 303500 30.35 2.08 
10 368000 374000 . 365000 377000 371000 37.10 0.55 
14 431000 414000 418000 421000 421000 42.10 0.73 
21 418000 407000 440000 393000 414500 41.45 1.98 
28 428000 450000 458000 461000 449250 44.93 1.49 
Sika 615 
Ace (days) Spec l(N) spec 2(N) spec 3(N) spec4(N) Ayerace(N) strenph(MPa) St. Dey 
2 303000 321000 306000 ·318000 312000 31.20 0.88 
7 381000 407000 387000 375000 387500 38.75 1.39 
10 387000 396000 393000 387000 390750 39.08 0.45 
14 445000 428000 415000 407000 423750 42.38 1.66 
21 452000 465000 446000 442000 451250 45.13 1.00 
28 504000 482000 492000 454000 483000 48.30 2.13 
Sika 612 
Ace (days) Spec l(N) spec 2(N) spec 3(N) spec 4(N) Ayerace(N) strenph(MPa) St. Dey 
2 27000 29000 27600 28400 28000 2.80 0.09 
7 63000 68000 97000 97000 81250 8.13 1.83 
10 56000 59000 96000 118000 82250 8.23 3.00 
14 83000 86000 127000 120000 104000 10.40 2.27 
21 99000 111000 116000 94000 105000 10.50 1.02 
28 110000 78000 120000 116000 106000 10.60 1.91 
w/c = 0.45 
Ace (days) Spec l(N) spec 2(N) spec 3(N) spec4(N) Ayerace(N) strenph(MPa) St. Dey 
2 247000 231000 215000 231000 23.1000 1.60 
7 395000 389000 380000 413000 394250 39.4250 1.39 
10 423000 436000 446000 445000 437500 43.7500 1.07 
14 435000 444000 439500 43.9500 0.64 
21 455000 424000 489000 446000 453500 45.3500 2.70 
28 478000 480000 491000 514000 490750 49.0750 1.65 
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w/c=0.6 
Age 
(days) Spec I(N) spec 2(N) spec 3(N) spec4(N) Average(N) strength(MPa) St. Dev 
2 146000 143000 144500 14.4500 0.21 
7 286000 284000 316000 302000 297000 29.7000 1.50 
10 291000 314000 293000 350000 312000 31.2000 2.74 
14 335000 324000 329500 32.9500 0.78 
21 315000 335000 319000 357000 331500 33.1500 1.91 
28 348000 358000 369000 375000 362500 36.2500 1.20 
Tensile relaxation 
Sika LW (2 days cured) 
Age (days) spec 1(%) spec 2(%) Average(%) StDev 
2 42 46 44 2.83 
7 33.2 34.8 34 1.13 
28 16.9 18.1 17.5 0.85 
Sika LW (7 days cured) 
Age (days) spec 1(%) spec 2(%) Average(%) StDev 
7 35.2 36.8 36 1.13 
28 21.3 23.5 22.4 1.56 
Sika 615 (2 days cured) 
ABe (days) spec 1(%) spec 2(%) Average(%) StDev 
2 33.6 36.4 35 1.98 
7 31.6 30.4 31 0.85 
28 20.7 21.4 21.1 0.49 
Sika 615 (7 days cured) 
At,e (days) spec 1(%) spec 2(%) Average(%) StDev 
7 30.9 31.3 31.1 0.28 
28 20 23.6 21.8 2.55 
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Sika 612 (2 days cured) 
Age (days) spec 1(%) spec 2(%) Average(%) StDev 
2 56 60 58 2.83 
7 45.5 48.6 47 2.19 
28 23 24.4 23.7 0.99 
Sika 612 (7 days cured) 
Age (days) spec 1(%) spec 2(%) Average(%) StDev 
7 47 49 48 1.41 
28 26.5 29.5 28 2.12 
wlc = 0.45 (2 days cured) 
Age (days) spec 1(%) spec 2(%) Average(%) StDev 
2 39.6 41 40.3 0.99 
7 31.8 32.6 32.2 0.57 
28 21.6 21 21.3 0.42 
wlc = 0.45 (7 days cured) 
Age (days) spec 1(%) spec 2(%) Average(%) StDev 
7 35.9 34.5 35.2 0.99 
28 22.6 24 23.3 0.99 
wlc = 0.6 (2 days cured) 
Age (days) spec 1(%) spec 2(%) Average(%) StDev 
2 45.6 46.8 46.2 0.85 
7 35 37.6 36.3 1.84 
28 24 24.4 24.2 0.28 
wlc = 0.6 (7 days cured) 
Age (days) spec 1(%) spec 2(%) Average(%) StDev 
7 37.1 38.9 38 1.27 
28 26.2 27.8 27 1.13 
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